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Metal based anodes, like tin (Sn), are promising candidate anodes for lithium ion batteries 
(LIBs) due to their higher specific capacities than traditional graphite electrodes. However, 
their dramatic volume expansion during lithiation and delithiation could lead to pulverization 
of the material as well as inadequate cycle life. Materials with nano/microporosity hold 
promise to accommodate the volume change. This thesis focuses on preparing porous 
metallic materials for batteries through a dealloying approach. Dealloying is a selective 
dissolution process, during which one or more active components dissolve from a binary or 
multicomponent alloy, leaving behind a (nano)porous-structured material enriched in the 
nobler or less active alloy component(s). In this thesis, porous Sn and nanoporous Cu-Sn 
composites, which can be used as anodes, and bimodal porous Cu, which can be used as 
current collector, have been fabricated by dealloying immiscible Al-Sn alloys, ternary Al-Cu-
Sn alloy and two-phase Al-Cu alloy, respectively. The dealloying mechanisms of these 
precursor alloys have been systematically investigated by a variety of means including both 
ex-situ and in-situ synchrotron X-ray diffraction (XRD). The following findings are most 
notable. 
 Micro-sized porous Sn (anode material) dealloyed from immiscible Al-Sn alloys 
Dealloying has been extensively employed to synthesize porous noble metals such as Au, Ag 
and Pt from various forms of precursor materials (e.g. amorphous, solid solution, or 
intermetallic compound). This study shows that micro-sized porous non-noble Sn metal can 
be produced by dealloying immiscible Al-Sn alloys in hydrochloric acid (HCl) solutions. The 
resulting morphology and size of the pores are dependent on the morphology and size of the 
primary -Al phase in respective precursor Al-Sn alloys. As a result, the produced porous Sn 
structures can be manipulated through control of the composition and microstructure of the 
precursor alloy. The as-dealloyed porous Sn anode showed an outstanding initial charging-
discharging capacity and a high coulombic efficiency in preliminary LIB performance tests. 
 Nanoporous Cu-Sn composite structures (anode material) fabricated by concurrent  
dealloying and realloying of a ternary Al-Cu-Sn alloy 
The concurrence of dealloying and realloying was identified in a ternary Al67Cu18Sn15 alloy 
(at.%) dealloyed in a 5 wt% HCl solution at 70 ± 2 °C compared to dealloying alone in binary 




Cu3Sn-Cu-Cu6Sn5 composites in the form of self-supporting foils. Both Cu3Sn and Cu6Sn5 
phases formed through an accompanied realloying process. The temperature sensitivity of 
phase formation in the Cu-Sn system was discussed in relation to the literature results 
obtained from Cu-Sn diffusion couple studies. This study demonstrates the capability of 
designing and creating nanoporous composite materials via dealloying a multicomponent 
alloy. 
 Bimodal porous Cu materials (current collector) fabricated from annealing-
electrochemical dealloying of Al-Cu alloys  
Hierarchical (bimodal) porous Cu materials with micro- and nano-sized pores are desired for 
a variety of applications (e.g. current collectors in LIBs). An annealing-electrochemical 
dealloying approach has been developed for the creation of bulk bimodal porous Cu materials 
from an as-cast hypereutectic Al75Cu25 (at.%) precursor alloy, which consists of pre-eutectic 
Al2Cu and lamellar eutectic -Al(Cu)-Al2Cu. Annealing of the precursor alloy played a 
critical role in forming the desired microstructure for subsequent electrochemical dealloying 
for the creation of bimodal porous Cu. Annealing decouples the lamellar eutectic structure 
and substantially increases the size of the -Al(Cu) phase which determines the size of the 
subsequently produced micropores. In addition, annealing at a low temperature ensures low 
solubility of Cu in -Al(Cu), which noticeably decreases the critical potential of the Al75Cu25 
alloy thereby enabling more flexible electrochemical dealloying. A variety of bimodal porous 
Cu structures were produced using this approach. The most homogeneous bimodal porous Cu 
structure showed an average ligament width of 52 nm. It was produced by electrochemical 
dealloying of the annealed Al75Cu25 alloy at -0.5 V, which is above the critical potential of 
the -Al (Cu) but below that of the Al2Cu phase.  
 Quantitative assessment via synchrotron radiation to understand the dealloying of a 
two-phase Al-Cu alloy 
Dealloying of Al-Cu alloys in acid solution is a simple method to fabricate nanoporous Cu 
required as current collectors in LIBs. However, this basic dealloying process has remained 
unclear due to overlapped diffraction peaks from the Al-Cu phases involved and the 
inadequate resolution of lab XRD. In this research the dealloying behaviour of a dual 
intermetallic phase Al65Cu35 alloy, which consists of only Al2Cu and AlCu, has been 
investigated in a 10 vol.% HCl solution using Synchrotron XRD. The dealloying of Al2Cu 




structure. A hypothesis has been proposed to understand the different dealloying responses 
from Al2Cu and AlCu, which are expected to show similar dealloying responses due to their 
very similar corrosion potentials in HCl solutions. In addition, an -Cu(Al) solid solution 
phase was detected as an intermediate phase during the dealloying process Al-Cu alloy which 
is a new observation. A complete description of the dealloying process of Al-Cu alloys is 
now possible, thanks to synchrotron studies. 
 Synchrotron-based understanding of the dealloying of Al-Cu alloys with a variety of 
phase constitutions 
Synchrotron radiation experiments were performed to understand the dealloying process of 
Al-Cu alloys from the perspective of crystal structure evolution. The crystal structure 
evolution may alter the expected sequential dealloying behaviours of different intermetallic 
compounds. For instance, Al2Cu and AlCu were expected to be dealloyed simultaneously due 
to their very similar corrosion potentials. However, they were dealloyed in clear sequence 
(Al2Cu was dealloyed first). The reason can be attributed to different crystal structure 
evolution processes. In addition, the crystal structure evolution may have played a significant 
role in dictating which phase is dealloyable. 
 Synchrotron-based understanding of the dealloying-realloying of Al67Cu18Sn15 alloy 
at different temperatures  
The temperature sensitivity of intermetallic formation in the Cu-Sn system was confirmed by 
synchrotron studies of the Al67Cu18Sn15 alloy subjected to dealloying at different 
temperatures (55 °C, 70 °C and 90 °C). The lowest temperature at which Cu3Sn forms in the 
Cu-Sn system is now lowered to 55 °C. In addition, it has been confirmed that Cu3Sn forms 
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List of Figures 
Fig. 2.1 (a) Porous structures on the surface of eggshells of hoopoes which provide flexibility, 
mechanical performance and matter exchange avenues with the outside; (b) A cross-sectional 
view of the porous structures of the walnut tree leaf which offer frost resistance, thermal 
isolation and moisture transport. 
Fig. 2.2 Schematic illustration of the working principle of LIBs (discharging). 
Fig. 2.3 (a) Charge/discharge voltage profiles obtained from Si powder anode; (b) An optical 
micrograph showing the resemblance between a Li-alloy film after expansion and contraction; 
(c) A cracked dry lake bed.  
Fig. 2.4 Compressive stress-strain curves for fully dense elastic solid and foam material. 
Fig. 2.5 (a) Constant lithiation and delithiation performance of Si anode using 3D porous Cu 
current collector and traditional one and (b) a schematic showing the design of Si particles 
sealed in porous Cu current collector. 
Fig. 2.6 Cycle behaviour of Sn powders of various particle sizes. 
Fig. 2.7 Cyclic performance of (a) a Sn-Co alloy electrode deposited on a Cu foam and (b) a 
Sn electrode deposited on a smooth Cu sheet. 
Fig. 2.8 Schematic representation of processes leading to metal sponges. (a) Investment 
casting process, (b) coating of a polyurethane sponge with a thin metal layer and subsequent 
removal of the polymer.  
Fig. 2.9 Representative examples of metal sponge prepared by different routes. (a) Open 
porous metal sheets (Duocels
®
 Cu and Al, ERG Materials and Aerospace Corp.) prepared by 
the investment casting technique. Inset: structural connectivity. (b) Open porous metal 
structure prepared by the deposition of nickel onto a polyurethane foam followed by the 
removal of the polymer template structure (INCOFOAM
®
). Inset: pore space inside the struts, 
which is created after removal of the polymer template. (c) Using sodium chloride (NaCl) as 
space holder particles, compaction with metal powder, sintering and dissolution and (d) open 
porous titanium prepared by the space holder approach with NaCl crystals as space holder 
particles. 
X 
Fig. 2.10 (a) Schematic of sacrificial template assisted technique. (b) SEM image of nickel 
inverse opal structure forming a film. (c-f) SEM image of nickel inverse opal structures 
exemplifying the possibility to trigger the window size (and cell wall resp. strut thicknesses) 
by adjusting the corresponding etching time.  
Fig. 2.11 Metallic aerogel and ‘‘aerogel-like’’ structures. (a and b) SEM and (c and d) TEM 
micrographs of platinum aerogels. (e and f) SEM and TEM micrographs of gold–platinum 
bimetallic porous structures. 
Fig. 2.12 (a) Schematic illustration for the synthesis of nanoporous Cu by a hydrothermal 
method; (b) proposed formation process of nanoporous Cu during the hydrothermal method; 
(c) a cross-sectional SEM image with high magnification of the nanoporous Cu film and (d) 
digital image of the synthesized nanoporous Cu films rinsed in ethanol. 
Fig. 2.13 (a) Anthropomorphic figure from Panama, a typical dilute gold alloy artefact and (b) 
SEM image of the surface of the artefact showing the porous structure of the unburnished 
depletion gilded surface (The scale bar at the bottom left reads 1µm).  
Fig. 2.14 TEM images showing the nanoporous structure of nanoporous Pd from the 
dealloying of Al80Pd20 ribbon samples in 20 wt.% NaOH (a) and 5 wt.% HCl (b) solutions. 
Fig. 2.15 SEM micrographs of dealloyed Ag75Au25 foam by (a) chemical dealloying and (b) 
electrochemical dealloying. 
Fig. 2.16 Ag-Au phase diagram. 
Fig. 2.17 Plan-view SEM images of nanoporous Au samples showing significant structure 
coarsening upon continued immersion in acid for an extended time (a-d: 5 min - 1 day) after 
the alloy is completely dealloyed (dealloying was completed after 5 min). 
Fig. 2.18 SEM images showing the microstructure of nanoporous Au obtained through the 
electrochemical dealloying of a single Al2Au phase (a) and a single AlAu phase (b) in the 10 
wt.% NaCl solution at the potential of 1.5 V. 
Fig. 2.19 Cross-sectional SEM images showing the microstructures of as-dealloyed Al40Ag60 
(consisting of single Ag2Al phase) ribbon sample (a, b) and Al50Ag50 (consisting of Ag2Al 
and -Al(Ag) phases) ribbon sample (c, d). 
XI 
Fig. 2.20 Schematic illustrations showing the microstructure of (a) the starting Al60Au40 alloy 
and (b) nanoporous Au by chemical dealloying of Al60Au40. The starting Al60Au40 alloy is 
composed of Al2Au and AlAu, and the primary Al2Au is surrounded by AlAu. The resulting 
nanoporous structure comprises two kinds of microstructures: nanoporous Au1 (NPG 1) and 
nanoporous Au2 (NPG 2) with different length scales of ligaments/channels. The dealloying 
of Al2Au and AlAu results in the formation of NPG 1 and NPG 2, respectively. 
Fig. 2.21 SEM images of nanoporous samples dealloyed from (a) Au25Ag75 and (b) 
(Pt0.05Au0.95)25Ag75 respectively. Both samples were dealloyed in 1 M HClO4 aqueous 
solution at 1.03 V. 
Fig. 2.22 (a) Schematic illustration shows the current/potential behavior of a single phase 
alloy undergoing selective dissolution. The critical potential (Ecrit) corresponds to that 
associated with the knee in the curve and is not sharply defined. The shape of the knee is 
affected by sweep rate, alloy, and electrolyte composition. The dashed vertical lines indicate 
typical ambiguity in defining Ecrit. (b) Tafel polarization curves of single phase alpha-Mg 
solid solution and Mg2Cu intermetallics in the HCl solution. 
Fig. 2.23 SEM images showing the microstructure of nanoporous Au by electrochemical 
dealloying the Al2Au alloy in the 1 M NaCl solution at the temperature of 273 K at the 
potential of -0.15 V (a) and 0.05 V (b). 
Fig. 2.24 Micrographs of Au37.5Ag62.5 films after annealing treatment and dealloying 
treatment showing that the annealing treatment of precursor alloy mitigates the formation of 
microscale voids during dealloying. 
Fig. 2.25 Ligament size modulation by different annealing treatments: (a) as-dealloyed (15 
nm), (b) after annealing at 300 °C for 2 min (50 nm), (c) after annealing at 300 °C for 30 min 
(150 nm) and (d) Vickers microhardness, Hv of nanoporous Au versus the ligament size, L. 
Fig. 2.26 Binary Al-Sn and Al-Cu phase diagram and the selection of compositions. 
Fig. 2.27 Simulated evolution of an artificial pit in Au10%Ag90% (at.%), f = 1.8 eV. Cross-
sections along the (111) plane defined by the yellow line in (a) are shown below each plan 
view. (a) The initial condition is a surface fully passivated with gold except within a circular 
region (the artificial pit). (b) After 1 s, the pit has penetrated a few monolayers into the bulk. 
We note how there are fewer gold clusters near the side wall than at the center of the pit. (c) 
XII 
After 10 s, a gold cluster has nucleated in the center of the pit. (d) At 100 s, the pit has split 
into multiple pits; each will continue to propagate into the bulk to form a porous structure. 
Fig. 2.28 The evolution of the cyclic voltammetry (CV) curves of the two-phase Al60Cu40 
alloy subjected to 600 cycles of CV measurements and the position of current peaks is 
denoted by dashed lines. The alloy turned dark yellow after 600 cycles. 
Fig. 2.29 Diffraction information (in 2 range of 5-35° with Cu K-alpha radiation,  = 
0.154056 nm) for the phases (Al2Cu, AlCu and Cu) involved in the dealloying of Al-Cu 
alloys in the International Crystal Diffraction Data (ICDD) database. 
Fig. 3.1 Binary Al-Sn phase diagram (a) and XRD spectra of the three precursor Al-Sn alloys 
(8 mm diameter rods b). The corresponding SEM-BSE images (c-e) show the presence of the 
Al (dark contrast) and Sn (light contrast) phases in each microstructure. 
Fig. 3.2 XRD spectra of as-dealloyed Al-Sn foil samples together with photos showing the 
mechanical integrity of the as-dealloyed samples. 
Fig. 3.3 SEM images and representative EDX results for porous Sn made from dealloying of 
Al50Sn50 (a, b), Al65Sn35 (c, d) and Al80Sn20 (e, f). 
Fig. 3.4 Dependence of pore size in the as-dealloyed microstructure on the average size of the 
Al phases in corresponding precursor alloys. 
Fig. 3.5 Electrochemical performances (cycling performance together with coulombic 
efficiency) of the porous Sn dealloyed from Al80Sn20 (a, b), and SEM images of the porous 
Sn structure before (c) and after (d) the lithiation/delithiation process. 
Fig. 3.6 Initial capacity of the porous Sn anode made in this study and literature data on Sn-
based anodes. 
Fig. 4.1.1 XRD pattern and SEM BSE microstructure of the Al67Cu18Sn15 precursor. 
Fig. 4.1.2 (a and b) XRD patterns of Al67Cu18Sn15 alloy after de-alloying in a 5 wt% HCl 
solution for up to 480 min; and (c) three strongest diffraction lines (in 2 range of 23-47°) for 
each of the Cu3Sn, Cu and Cu6Sn5 phases in the ICDD database together with XRD patterns 
obtained from samples after 60 and 480 min de-alloying. 
XIII 
Fig. 4.1.3 (a) SEM image showing preferential de-alloying of -Al(Cu) (circled); (b) 
remnants of Sn (arrowed) and nanoporous Cu3Sn and Cu on Al2Cu substrate; (c) and (d) 
surface nanoporous structures after 120 min and 180 min de-alloying. 
Fig. 4.1.4 (a) and (b) surface nanoporous structures of Cu3Sn-Cu-Cu6Sn5; (c) inhomogeneous 
microstructure on the cross section; (d) TEM SAED results of Cu3Sn and Cu6Sn5 after 240 
min de-alloying; and (e) and (f) inhomogeneous microstructure after 300 min of de-alloying. 
Fig. 4.1.5 Nanoporous structures of Cu3Sn-Cu-Cu6Sn5 produced after 480 min de-alloying: (a) 
and (b) surface; (c) and (d) cross section; (e) bright field (BF) TEM image confirming the 
nanoporous structure; and (f) HRTEM image and TEM SAED results of Cu3Sn and Cu6Sn5 
phases. The nanoporous Cu3Sn-Cu-Cu6Sn5 composite is produced in the form of self-
supporting foils (0.6 mm thick and 8 mm in diameter). 
Fig. 4.2.1 (a) XRD pattern and (b) SEM BSE microstructure of the Al67Cu18Sn15 precursor 
consisting of α-Al, Al2Cu and Sn; (c) and (d) EDX spectra of the Al2Cu (I) and the mixture of 
three phases (II) marked in (b), respectively. 
Fig. 4.2.2 (a) Polarization curves that define the Ecrit values for the Al67Cu18Sn15 precursor (-
0.82 V), pure Al (-0.66 V), pure Sn (-0.55 V) and as-cast Al2Cu (-0.41 V). (b) The Ecrit values 
for each material and the two applied potentials selected for electrochemical dealloying. 
Fig. 4.2.3 (a) Phase distribution of the Al67Cu18Sn15 sample electrochemically dealloyed at -
0.5 V with EDX information for resultant I and II phases (see Fig. 4.2.1(b)); (b) high-
magnified SEM image of (a) showing preferential dealloying of α-Al. 
Fig. 4.2.4 (a) SEM BSE image of the sample electrochemically dealloyed at -0.2 V showing 
two types of morphologies; (b) EDX results showing similar composition for the two types of 
structure in (a); (c) nanoporous Cu with an average width of 29 ± 7 nm and scallop-type 
Cu6Sn5 phase on the substrate of nanoporous Cu in I; (d) inhomogeneous and coarsened 
porous structure in II. 
Fig. 4.2.5 (a) Current responses of the Al67Cu18Sn15 alloy and the Al75Cu25 alloy during 
electrochemical dealloying; (b) charge density values when the current density decreased to 
2.7 mA cm
-2
 at each applied potential. The data related to Al75Cu25 alloy is from Ref (7). 
Fig. 5.1 (a) Al-Cu phase diagram showing the phase constitution information of Al75Cu25 and 
Al67Cu33 alloys and the solubility of Cu in -Al at both the eutectic temperature and 490 °C. 
XIV 
(b) XRD pattern of the as-cast Al67Cu33 alloy confirming that the alloy is composed of 
essentially the CuAl2 phase. (c) Back scattered electron (BSE) image showing the 
microstructure of the as-cast Al75Cu25 consisting of pre-eutectic CuAl2 and eutectic -
Al(Cu)-CuAl2. (d) The lamellar eutectic -Al(Cu)-CuAl2. 
Fig. 5.2 (a) Microstructure of the annealed Al75Cu25 alloy consisting of the -Al(Cu) and 
CuAl2 phases. The lamellar eutectic -Al(Cu)-CuAl2 structure disappeared after annealing. (b) 
and (c) are EDX spectra of the -Al(Cu) and CuAl2 phases circled in (a), respectively. 
Fig. 5.3 (a) Tafel curves that define the Ecrit values for as-cast Al75Cu25 (-0.61 V), as-annealed 
Al75Cu25 (-0.77 V), pure Al (-0.66 V), pure Cu (-0.20 V) and as-cast CuAl2 (-0.41 V) (see Fig. 
5.1(a)). (b) Distribution of the Ecrit values for each material and the three applied potentials 
selected for electrochemical dealloying. 
Fig. 5.4 Bimodal porous structures of Cu electrochemically dealloyed at -0.1 V (a, b) with an 
EDX spectrum inset in (b) and -0.2 V (c, d). All the images are from second electron (SE) 
imaging mode. 
Fig. 5.5 Bimodal nanoporous structure resulted from dealloying at -0.5 V: (a, b) SEM images; 
(c, e) Bright field (BF) TEM images confirming the nanoporous structure (an EDX spectrum 
inset is shown in (c)); (d) TEM SAED results confirming the final crystal structure of Cu (the 
remaining phase after complete dealloying); and (f) HRTEM image from (e) showing twins 
in Cu ligaments. 
Fig. 5.6 (a) Cyclic Voltammetry (CV) curves for pure Al, as-annealed Al75Cu25 and CuAl2. (b) 
and (c) show the evolution of the CV curves for as-annealed Al75Cu25 subjected to 600 cycles 
of CV measurements. 
Fig. 5.7 (a) Current responses of as-annealed Al75Cu25 alloy during electrochemical 
dealloying; (b) charge density vs. time curves derived from (a); and (c) charge density values 
when the current density decreased to 2.7 mA cm
-2
 at each applied potential. 
Fig. 6.1.1 Creation of hierarchical nanoporous Cu from dealloying of two-phase 
Al65Cu35. (a) Laboratory XRD patterns of the Al65Cu35 alloy before and after 120 min 
dealloying in a 10 vol.% HCl solution. The tick marks indicate the position and intensity of 
Bragg peaks of Al2Cu (PDF#65-2695), AlCu (PDF#65-1228) and Cu (PDF#04-0836) phases. 
(b) Backscattered electron (BSE) image of the microstructure of the as-cast Al65Cu35 
XV 
precursor alloy consisting of primary AlCu and Al2Cu matrix. (c) Hierarchical nanoporous 
structures of Cu from dealloying of AlCu (surrounded by dash lines) and Al2Cu phases in 
Al65Cu35 alloy respectively. (d) High magnification SEM image of the nanoporous structure 
from the dealloying of Al2Cu phase. 
Fig. 6.1.2 Figure 2 Experimental set-up for synchrotron in-situ dealloying and time-
resolved sequential evolution of Al2Cu and AlCu in Al65Cu35. (a) The synchrotron data is 
collected continuously while the heated electrolyte solution is re-circulated through the 
mounted alloy sample in the cell. (b) In-situ phase evolution for the dealloying of the 
Al65Cu35 alloy, which consists of Al2Cu and AlCu, in a 5 wt.% HCl solution at 70 °C (X-
ray wavelength = 0.7745 Å) (the fluctuations in intensity of, for example, the Al2Cu peak at 
~10°2θ, is caused by rocking of the sample stage  2° about its axis for improvement of data 
quality). 
Fig. 6.1.3 Quantified sequential evolution of Al2Cu and AlCu in Al65Cu35. (a) Ex-situ 
SXRD patterns of Al65Cu35 alloy powders after dealloying in a 10 vol.% HCl solution from 
10 min to 40 min (X-ray wavelength = 0.6891 Å). (b) Rietveld refinement output of the 
Al65Cu35 precursor powder sample data using the TOPAS-Academic software. The black, 
red and grey solid lines indicate the observed and calculated patterns and their difference, 
respectively. The tick marks indicate the position of the Bragg reflection markers for Al2Cu 
(upper) and AlCu (lower). (c) An expanded region of the fit in (b) between 19.1°  2  19.9° 
showing the unidentified phase in the sample which can affect the fitting. (d) evolution of the 
Cu content, as a proportion of the total Cu available, in each of the Al2Cu, AlCu and Cu 
phases from refinement analysis of each pattern in (a). (e) The microstructure of the as-
dealloyed Al65Cu35-40 min sample consisting of the nanoporous structure from the 
dealloying of Al2Cu and the un-dealloyed AlCu with just a rough surface. (f) and (g) EDX 
spectra of the as-dealloyed AlCu and Al2Cu phases in (e), respectively. 
Fig. 6.1.4 Sequential evolution of Al2Cu and AlCu in Al55Cu45. (a) In-situ phase 
evolution for the dealloying of the Al55Cu45 alloy, which consists of Al2Cu and AlCu, in a 5 
wt.% HCl solution at 70 °C (X-ray wavelength = 0.7745 Å). (b) Ex-situ SXRD patterns of 
Al55Cu45 alloy powders after dealloying in a 10 vol.% HCl solution from 10 min to 60 min 
(X-ray wavelength = 0.6891 Å); (c) Evolution of the Cu content, as a proportion of the total 
Cu available, in each of the Al2Cu, AlCu and Cu phases from refinement analysis of each 
pattern in (b). 
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Fig. 6.1.5 Schematic maps showing the unit cell evolution. The smaller red ball represents 
the Cu atom and the larger grey ball represents the Al atom. During dealloying of body-
centered tetragonal Al2Cu and base-centered monoclinic AlCu, once all Al atoms are 
removed, the residual Cu atoms may temporarily assume a precursor crystal structure and 
then evolve into a face-centered cubic crystal structure. 
Fig. 6.1.6 Formation kinetics of Cu phase. (a) The development of the peak area of the Cu 
(111) diffraction peak as a function of dealloying time from the in-situ dealloying of 
Al65Cu35 in Figure 2(b). (b) The plot of Avrami-Erofe’ev equation to determine the value of 
the n parameter for the formation of Cu from dealloying of Al65Cu35. (c) The development 
of the peak area of the Cu (111) diffraction peak as a function of dealloying time from the in-
situ dealloying of Al55Cu45 in Figure 4(a). (d) The plot of Avrami-Erofe’ev equation to 
determine the value of the n parameter for the formation of Cu from dealloying of Al55Cu45. 
The time of 840 s and 960 s for the observation of first Cu (111) peak in Figure 2(b) and 
Figure 4(a) is considered as the induction time t0 for the formation of Cu. The area of Cu 
(111) diffraction peak was normalized considering the area in the final pattern of the in-situ 
dataset as one. The Cu (111) peak area fluctuations in both cases (Figure 6(a,c)) are due to 
the rocking the sample stage  2° about its axis during the in-situ experiments. The two n 
values for both cases (Figure 6(b,d)) indicates two kinetics during the formation of Cu from 
dealloying approach. A full discussion of the data is presented in the text. 
Fig. 6.1.7 Consequences of diffusion of Cu. (a) Bright field (BF) TEM image of Al65Cu35-
40 min sample with twins in the ligaments. (b) Corresponding HRTEM image showing twins 
in Cu ligaments. (c) Rietveld refinement output of Al65Cu35-40 min sample considering the 
isotropic broadening of Cu peaks and (d) anisotropic broadening of Cu (002) peak. The better 
fitting of (d) clarifies the anisotropic broadening in Cu diffraction peaks as a result of the 
presence of twins in the as-dealloyed samples. 
Fig. 6.1.S1 (a) Rietveld plot of the Al65Cu35-10 min sample and (b) the peak broadening of 
Al2Cu phase due to the uneven particle sizes. 
Fig. 6.1.S2 (a) Rietveld plot of the Al65Cu35-20 min sample and (b) evidence of anisotropic 
broadening of (002) diffraction peak. 
Fig. 6.1.S3 Rietveld plot of the Al65Cu35-40 min sample. 
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Fig. 6.1.S4 (a) Rietveld plot of the Al55Cu45-0 min sample and (b) expanded regions 
showing unidentified phases. 
Fig. 6.1.S5 (a) Rietveld plot of the Al55Cu45-10 min sample and (b) expanded regions 
showing unidentified phases. 
Fig. 6.1.S6 (a) Rietveld plot of the Al55Cu45-20 min sample, (b) expanded regions showing 
unidentified phases and (c) evidence of anisotropic broadening of (002) diffraction peak. 
Fig. 6.1.S7 (a) Rietveld plot of the Al55Cu45-30 min sample, (b) expanded regions showing 
unidentified phases and (c) evidence of anisotropic broadening of (002) diffraction peak. 
Fig. 6.1.S8 (a) Rietveld plot of the Al55Cu45-60 min sample, (b) expanded regions showing 
unidentified phases and (c) evidence of anisotropic broadening of (002) diffraction peak. 
Fig. 6.2.1 In-situ phase evolution during the dealloying of the Al75Cu25 alloy, which consists 
of -Al(Cu) and Al2Cu, in a 5 wt.% HCl solution at 70 °C (the unlabelled peaks all 
correspond to the Al2Cu phase). 
Fig. 6.2.2 In-situ phase evolution for the dealloying of the Al45Cu55 alloy, which consists of 
AlCu and Al4Cu9, in a 5 wt.% HCl solution at 70 °C. 
Fig. 6.2.3 In-situ phase evolution during dealloying of the Al67Cu18Sn15 alloy in a 5 wt.% 
HCl solution at 55 °C (: a mixture of Cu6Sn5 and Cu3Sn). 
Fig. 6.2.4 In-situ phase evolution during the dealloying of the Al67Cu18Sn15 alloy in a 5 wt.% 
HCl solution at 70 °C (*: a mixture of Cu6Sn5, Cu3Sn and Cu). 
Fig. 6.2.5 Ex-situ phase evolution during the dealloying-realloying of the Al67Cu18Sn15 alloy 
in a 10 vol.% HCl at 90 °C. 
Fig. 6.2.6 (a-c) Examples of refinement analysis of synchrotron spectra with phase 
compositions, and (d) the evolution of phase compositions with increasing dealloying time.  
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Chapter 1 Introduction 
1.1 Background 
Porous metals have found significant applications in various industrial sectors. Owing to the 
decisive roles of the high specific surface area in the applications, nanoporous metals with 
higher specific surface areas have attracted considerable attention over the last two decades. 
Currently nanoporous metallic materials are manufactured mainly by electrodeposition, 
nanoporous template scarification or the hydrothermal approach [1]. They are confined to the 
fabrication of nanoporous thin films (thinner than 500 nm in most cases) while being time-
consuming and costly [1]. Dealloying (the selective dissolution approach) [2] is free of this 
restriction and it offers three other important advantages compared to these approaches: (i) 
easier and more practical to manufacture wide ranges of porous metallic structures (from 
nanoscale to micrometerscale) [3]; (ii) easier to adapt to new designs in terms of pore 
structures by changing either the precursor alloy composition or the electrolyte concentration 
or dealloying temperature [4]; and (iii) more flexible to produce either monolith nanoporous 
samples or nanoporous surfaces for different applications [5]. As a result, dealloying has been 
widely accepted as the most promising and practical approach to the manufacture of 
nano/microporous metallic materials.  
 
Metal based anodes, like tin (Sn), are considered as promising candidate anode materials for 
lithium ion batteries (LIBs) due to their much higher specific capacities (i.e. 994 mAh g-1 of 
Sn) than commercialized graphite electrodes (372 mAh g-1) [6]. The main challenge for the 
implementation of metallic anodes is their dramatic volume expansion during lithiation and 
delithiation, which may lead to pulverization of the anode materials and, in turn, inadequate 
cycle life. Materials (e.g. Sn-based anodes, Cu-based current collectors) with 
nano/microporosity hold promise to accommodate such volume change [7-9]. In this regard, 
dealloying offers a unique approach to the fabrication of such porous metals for applications 
as current collectors and anodes in LIBs. 
 
The new porous metallic materials to be created in this thesis project are aimed for such 
applications. However, it should be emphasized that the new knowledge and innovative 





1.2 Aims and objectives 
Research on dealloying over the last decade has been largely focused on dealloying of the 
Ag-Au solid solution alloys [2, 10-14] to produce nanoporous structures of essentially pure 
Au, and understand the dealloying process. Dealloying of other precursor alloy systems has 
the potential to produce functional nanoporous metals and/or composites for various 
applications. In addition, the dissolution and diffusion behaviours during dealloying of these 
alloys are expected to differ from those established for dealloying of Ag-Au solid solution 
alloys. Understanding their dealloying characteristics is essential for the fabrication of 
advanced nanoporous metallic materials as well as enhancing the knowledge base of 
dealloying. In terms of methodology, conventional characterization methods like lab X-ray 
diffraction (XRD) are insufficient to reveal the detailed phase transformation and/or 
evolution processes due to the involvement of multiple crystalline phases and the complexity 
caused. Analytical means with a much higher resolution, such as synchrotron radiation, are 
required for such purposes. 
 
The main objectives of this thesis include: 
 to investigate the dealloying process of immiscible Al-Sn system and create porous Sn 
structures as potential anode materials in LIBs; 
 to investigate the dealloying process of a ternary Al-Cu-Sn alloy and prepare 
nanoporous-structured Cu-Sn composites to buffer the volume expansion of Sn during 
the performance of LIBs; 
 to understand the dealloying process of a two-phase Al-Cu system (one solid solution 
+ one intermetallic, or two intermetallics) and prepare nanoporous Cu which can be 
used as current collectors in LIBs to accommodate the volume change of anode 
attached on the surface of them;  
 to better understand the dealloying mechanism via in-situ/ex-situ synchrotron 
radiation and other means. This is critical for the precursor alloy design and the 
fabrication of advanced functional nanoporous metallic materials. 
 
1.3 Thesis outline 
This thesis is composed of seven chapters. Chapter 1 briefly introduces the background and 
objectives of this thesis. Chapter 2 provides a literature review of the requirements for porous 




materials, dealloying methods and the current understanding of the dealloying mechanisms. 
Chapters 3, 4 and 5 investigate the dealloying of immiscible Al-Sn, ternary Al-Cu-Sn and 
two-phase Al-Cu alloys, respectively, based on the requirements for Sn-based and Cu-based 
porous metallic materials for LIBs applications. Chapter 6 focuses on the mechanism study of 
dealloying of the Al-Cu alloys with a variety of phase constitutions and of the Al-Cu-Sn 
alloys at different temperatures via in-situ and ex-situ synchrotron experiments. It provides 
new experimental findings related to phase transformation and/or crystal structure evolution 
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Chapter 2 Literature review 
A wide variety of porous materials exists in nature such as woods, human and animal bones, 
plant leaves, and stalks [1]. The porous structures in these materials with the pore size 
varying from nanoscale to microscale carry out various unique functions. For example, they 
serve as channels of supply of nutrition, offer lightweight but strong structures, and provide 
the required permeability to air and water. Fig. 2.1 shows the porous structures in the 
eggshells of hoopoes [2] and the leaves of walnut trees [3]. Materials researchers and 
designers have been turning to nature for inspiration to design and develop advanced 
materials for many decades.  As a result, a big family of biomimetic materials including 
porous metals have been developed for various applications.  
 
Fig. 2.1 (a) Porous structures on the surface of eggshells of hoopoes which provide flexibility, 
mechanical performance and matter exchange avenues with the outside [2]; (b) A cross-
sectional view of the porous structures of the walnut tree leaf which offer frost resistance, 
thermal isolation and moisture transport [3]. 
Porous Copper (Cu) structures or Cu foams with micrometre- to millimetre-sized pores 
significantly outperform dense Cu materials in a number of applications because of their 
higher surface area per unit volume which favours efficient heat conduction, mass 
transformation and accommodation for volumetric expansion [4, 5]. For example, heat sinks 
utilizing lotus-type porous Cu with pore diameters of several tens of micrometres exhibit 
outstanding cooling performance (6.5 times better than conventional dense Cu) [6]. The Cu 
foam (with pore diameters of ten micrometres) current collector in lithium ion batteries (LIBs) 
showed better cyclic performance and higher charge capacity than did a planar Cu foil current 




nanoporous metallic material, which offers a much higher specific surface area, has attracted 
extensive interests. 
 
This chapter reviews the requirements for the applications of porous metallic materials in 
LIBs, the approaches to the fabrication of these porous metallic materials, especially the 
various dealloying approaches used for the creation of nanoporous structures and the 
mechanisms behind each these dealloying process. 
 
2.1 The requirements for the applications of porous metallic materials in lithium ion 
batteries 
2.1.1 Introduction to lithium ion batteries 
Lithium ion batteries (LIBs) are the primary energy storage devices in the communications, 
transportation and renewable-energy sectors [7]. The basic working principles of 
commercialized LIBs are illustrated in Fig. 2.2 [8]. A lithium ion battery can work as an 
energy storage device by converting electric energy into electrochemical energy. There are 
three key components in an LIB system: cathode, anode and electrolyte. All Li
+
 ions are 
initially on the cathode side and the battery system is assembled in a “discharged status”. 
While charging, Li
+
 ions are extracted from the cathode host; they solvate into and move 
through the Li
+
 conducting electrolyte, and intercalate into the anode host. Meanwhile, 
electrons also move from the cathode to the anode through the current collector, and an 
electric circuit is therefore formed. The current collectors play a significant role in generating 
and transporting current. Copper (Cu) and aluminium (Al) foils are generally used as current 
collectors designated as anode and cathode, respectively, as shown in Fig. 2.2. The chemical 
potential of Li is much higher in the anode than in the cathode, thus the electric energy is 
stored in the form of (electro)chemical energy. Such a process is reversed when the battery is 
discharging where the electrochemical energy is released in the form of electric energy. 
 
2.1.2 Metallic anode materials in lithium ion batteries 
The current choice of anode materials for LIBs is graphite due to its long cycle life, abundant 
material supply and low cost. However, the graphite anode has the disadvantages of low 
energy density (375 mA·h g
−1
) and safety issues related to lithium deposition [9, 10]. Hence, 
there has been a growing interest in developing alternative anode materials with low cost, 






Fig. 2.2 Schematic illustration of the working principle of LIBs (discharging) [8]. 
Alloy anodes are known for their high specific capacity and safety characteristics [12]. Table 
2.1 compares the electrochemical properties of alloy anodes, lithium metal, commercialized 
graphite and a new anode material, Li4Ti5O12 (LTO). The theoretical specific capacities of 
alloy anodes are 2-10 times higher than that of the commercialized graphite, and 4-20 times 
higher than that of the LTO. The second merit of alloy anodes is their moderate operation 
potential versus lithium. For example, both Sn and Al anodes have an onset voltage potential 
of 0.3-0.6 V above Li/Li
+
. This moderate potential reduces the safety concern with lithium 
deposition as with graphite anodes (~ 0.05 V vs. Li) while avoiding the energy penalty of 
battery cells assembled with the LTO anodes (1.5 V vs. Li). 
Table 2.1 Comparison of the theoretical specific capacity, charge density, volume change 
and onset potential of various anode materials. 
Materials Li C Li4Ti5O12 Si Sn Sb Al Mg Bi 
Density (g cm
-3
) 0.53 2.25 3.5 2.33 7.29 6.7 2.7 1.3 9.78 
Lithiated phase Li LiC6 Li7Ti5O12 Li4.4Si Li4.4Sn Li3Sb LiAl Li3Mg Li3Bi 




3862 372 175 4200 994 660 993 3350 385 




2047 837 613 9786 7246 4422 2681 4355 3765 
Volume change (%) 100 12 1 320 260 200 96 100 215 




The main challenge to the implementation of metallic anodes in LIBs is their large volume 
change during lithium insertion and extraction (see Table 2.1), which often leads to 
pulverization of the active metallic materials, high initial irreversible capacities (the 
difference between charge and discharge capacity) and poor cycle stability [12]. Fig. 2.3(a) 
shows an example of the charge-discharge curves of Si anodes (Si anodes have similar issues 
as metallic anodes) [13]. The delithiation capacity (charge) is much lower than the lithiation 
(discharge) capacity at the first cycle. The first-cycle irreversible capacity loss is high (2650 
mA·h g
−1
) and the coulombic efficiency, measured as the ratio of discharge capacity to 
charge capacity, is only 25%. Furthermore, the capacity decreased quickly during the 
subsequent cycles. After five cycles, the reversible capacity dropped by 70%, showing poor 
cycle stability. Similar observations occurred to other alloy systems. Fig. 2.3(b) shows typical 
cracks (white network-like channels) in a Si anode resulted from the large volume change 
during lithium insertion and extraction, similar to a dried lake bed shown in Fig. 2.3(c) [14]. 
 
Fig. 2.3 (a) Charge/discharge voltage profiles obtained from Si powder anode; (b) An optical 
micrograph showing the resemblance between a Li-alloy film after expansion and contraction; 
(c) A cracked dry lake bed [14]. 
Electrode pulverization as reported in Refs. [12-14] is not unexpected when one considers the 
atom uptake of each anode material atom during the lithiation process. In contrast to a generic 
insertion process of Li
+
 in an open oxide framework (MO2 + Li = LiMO2) which comes with 
a 33% rise in the number of atoms, a metallic atom (such as Sn) has to accommodate 4.4 Li 






radius of Li (2.05 Å) is much greater than that of each commonly studied host atom (Sn: 1.72 
Å, Si: 1.46 Å, Pb: 1.81 Å, Sb: 1.53 Å and Al: 1.82 Å). A lithiated particle thus has a much 
larger radius than the original unlithiated one. Both of the large atomic uptakes and large 
differences in atomic radius contribute to high volume changes [11]. These considerations 
suggest that the increase in the specific volume of electrode particles during an alloying 
reaction is intrinsic to the process itself.  
 
Without a doubt, the high theoretical capacities expected from the formation of binary Li-
richest LixM compounds are appealing for high-energy storage applications. In order to 
capitalize on this process (i.e. the formation of the Li-richest LixM binary compounds), it is 
essential to address the large volume change issue discussed above.  
 
2.1.3 Porous metallic materials in lithium ion batteries 
As pointed out earlier, to take advantage of the high specific capacities of alloy anodes, the 
dramatic volume expansion during lithiation must be mitigated. As shown in Fig. 2.4 [15], 
the porous structure (shown as FOAM in Fig. 2.4) is able to absorb and release the kinetic 
energy through progressive plastic yielding, as opposed to the rupture of a fully dense elastic 
solid. Porous materials thus hold promise for helping to address the large volume change 
issue. This may be realized by (1) application of 3D porous (from micrometre to millimetre) 
current collector or anode structures, (2) application of  nanoporous metal current collector or 





Fig. 2.4 Compressive stress-strain curves for fully dense elastic solid and foam material [15].  
2.1.3.1 Current application of 3D porous (from micrometre to millimetre) current 
collector or anode structures 
One way to overcome the problem of large volume expansion is to design 3D porous 
structures with sufficient porosity to accommodate the volume expansion/contraction. In 
some studies, Sn-based [16, 17] or Si-based [18-20] anode materials were fabricated into 
porous structures to improve their electrochemical stability performance. Various porous 
current collectors [21, 22] have been employed as well. The cycle performance of anodes 
using a porous substrate was significantly improved compared to those deposited on a planar 
collector [21, 22]. For example, silicon particles (~4 µm) electroless deposited and then 
sealed (by pressing) on an Cu foam current collector showed a stable cycle life of over 200 
cycles at a reversible capacity of ~ 2500 mA·h g
−1
 while that on a Cu foil current collector 
only lasted for less than 20 cycles (see cycling test in Fig. 2.5(a)) [21]. Its working principle 
is illustrated in Fig. 2.5(b). However, the current size of porous structure or template is 
normally greater than 100 µm and the presence of a large volume of pores in the porous 
structure decreases the total volumetric energy density of the cell. Therefore, the challenge 
for porous structure electrodes and current collectors is to increase the active material loading 




process of active materials is complex, and many chemicals that are involved in the process 
procedure may not be viable for the commercialization of LIBs. 
 
Fig. 2.5 (a) Constant lithiation and delithiation performance of Si anode using 3D porous Cu 
current collector and traditional one and (b) a schematic showing the design of Si particles 
sealed in porous Cu current collector [21]. 
2.1.3.2 Nanoporous metal current collector or anode structures 
Nanostructured materials have unique advantages in mass transport including easier diffusion 
of electrons and lithium ions, higher electrode/electrolyte interfacial contact area and better 
accommodation of structural strain during lithiation/delithiation reactions [18, 24, 25]. It has 
been confirmed by many studies that reducing the active particle size to nanoscale can 
significantly improve the cycle performance of anodes, especially when an agglomeration of 
the particles is inhibited by a composite matrix [26, 27]. An early study by Yang et al. [28] 
found that when the particle size of Sn powders was decreased from 3 µm to 300 nm, the 
number of stable cycles increased from 3 to 70 (see Fig. 2.6).  
 
The improved cycle stability is attributed primarily to the ability of nanosized particles to 
accommodate large stress and strain without cracking [29, 30]. As the grain size is decreased 
to the nanoscale, the yield and fracture strengths of metals and alloys may increase 
dramatically because the motion and pile-ups of dislocations are constrained or eliminated in 
nanosized grains or particles [31]. This implies that nanocomposite anodes have the potential 
to sustain much higher stress before pulverization. In fact, cracking has rarely been observed 
in nanosized alloy anodes. In addition, a smaller particle size reduces the electronic and ionic 
transport distance and reduces the stress or strain induced by inhomogeneous diffusion of Li 




diffusion paths for Li
+
 ions and they can act as additional Li-storage sites as well [34]. 
Lithium insertion at grain boundaries may also reduce the total volume expansion of anodes 
because the packing density at nanocrystalline boundaries is somewhat lower than that of a 
perfect crystal by 10-30% [35, 36]. 
 
Fig. 2.6 Cycle behavior of Sn powders of various particle sizes [28]. 
However, it is worth noting that nanosized particles have disadvantages as well, such as the 
high manufacturing cost and safety issues in handling. Simpler methods to make nanoscale 
anodes, such as metal foils with nanoscale microstructures throughout the whole sample body, 
are more desirable in this sense.  
 
2.1.3.3 Nanoporous composite anode materials 
Apart from pure metal anodes (A type), the use of a hybrid multi-element or an alloy anode 
(AB type) is another strategy to reduce the volume change in order to improve the battery 
performance. The main difference between the AB mode and the A mode lies in the way how 
the volume expansion develops in the two modes. When Li reacts with element A, only LixA 
intermetallics will form. In contrast, when Li reacts with an appropriate AB material, the 
uptake of Li can be compensated by the squeezing of B concomitant to the formation of LixA 
binaries. This squeezing can take different forms (amorphous, crystallized, dendrites) but it is 
generally an efficient way to accommodate the excess volume occupied by Li atoms [37-39]. 
The mass or volume carried by element B is rightly acting as a buffer.  
 
Fig. 2.7 shows the cyclic performance and charge-discharge behaviour of the Sn-Co alloy 





sheet [40]. Compared to the Sn electrode, the Sn-Co alloy electrode exhibits an outstanding 
cyclic performance: a charge capacity of 444.7 mA·h g
−1
 is achieved after 50 cycles which 
corresponds to 91.8% of its initial charge capacity. Moreover, the Sn-Co alloy electrode 
retains high coulombic efficiency, for example, higher than 95% during the 50 cycles, with 
the exception of the initial cycle. These results demonstrate that the Sn-Co alloy reversibly 
reacts with Li in a highly stable way, and the capacity fading caused by volumetric changes 
of Sn is effectively inhibited. On the other hand, the abrupt degradation of capacity is a 
typical behaviour for the pure Sn electrode (Fig. 2.7(a)), due to the electrical isolation of Sn 
from the current collector caused by the pulverization associated with the significant volume 
changes in Sn during lithiation/delithiation. 
  
Fig. 2.7 Cyclic performance of (a) a Sn-Co alloy electrode deposited on a Cu foam and (b) a 
Sn electrode deposited on a smooth Cu sheet [40]. 
The drawback of this approach is the addition of another non-active element which may 
decrease the specific capacities [41]. Besides, the normally used electrodeposition technique 
to prepare the AB material is technically stringent and time and/or economic consuming [40]. 
 
2.1.4 Summary 
The huge theoretical capacities linked to the formation of the Li-richest LixM binary 
compounds (e.g. Li4.4Sn) are very appealing for high-energy storage applications. The 
associated large energy densities fit the present quest for good cycling behaviour. This goal 
could be achieved by ways of mitigating the large volume change. This thesis would take Sn 
anode material as an example and adopt the three solutions in Section 2.1.3 to offer a variety 






(i) to create porous Sn structures as potential anode materials in LIBs (Section 2.1.3.2 
Nanoporous metal current collector or anode structures) 
(ii) to prepare nanoporous-structures Cu-Sn composites to buffer the volume expansion of Sn 
during the performance of LIBs (Section 2.1.3.3 Nanoporous composite anode materials) 
(iii) to prepare nanoporous Cu current collectors to accommodate the volume change of 
anode attached on the surface of them (Section 2.1.3.2 Nanoporous metal current collector 
or anode structures) 
 
2.2 Porous metallic materials 
Selection of a material structure is generally based on requirements of the end-application. 
Depending upon the targeted applications, there are two types of basic pore-structures of 
choice: closed-pore structure for structural applications and open-pore structure for functional 
applications. Closed-pore structure metallic materials provide good mechanical properties but 
do not allow access to their internal surface. Therefore, they are mostly used in structural, 
load-bearing applications. Open-pore structure is generally required for functions associated 
with the interior of the material. Accordingly, open-pore structured materials are mostly used 
in functional applications where load-bearing capability is not the primary goal. This thesis 
aims to take advantage of porous metallic materials with open porosity for the reasons of: (i) 
better accommodation of the volume change during lithium insertion-extraction, with 
improved cycle life; (ii) higher electrode-electrolyte contact area leading to higher charge-
discharge rates; and (iii) shorter path lengths for electronic or Li
+
 to transport, which involves 
the access to the internal surface of pores and the open-pore structure. In general, open-pore 
structured metallic materials can be classified into metal sponges (micro-millimeter porous 
metals) and nanoporous metals according to the difference in their pore sizes. The following 
sections will discuss the major approaches developed so far for the fabrication of open-pore 
structured metallic materials.   
 
2.2.1 Metal sponges 
Most techniques applied nowadays to fabricate metal sponges are based on using a template 
structure. Polymeric sponges (typically prepared from polymeric foams by removal of the 
cell faces) are often applied as templates, either for the preparation of a castable mould 
(replication e.g., by investment casting) or for the direct deposition of the metal on the 




the interconnected open pore space of a polyurethane foam is filled with a ceramic 
investment compound (Fig. 2.8a). After burning or melting out the polymer, the ceramic 
structure serves as the mould and is subsequently infiltrated by the metal melt. After 
solidification, the ceramic mould is removed and the metal foam replicates the structure of 
the polymer foam. In a similar approach, the surface of a polyurethane foam is coated with a 
thin metal layer (Fig. 2.8b). either by physical vapour deposition (PVD) to make it 
electrically conductive for the subsequent electroplating of a thick metal layer or by chemical 
vapour deposition (CVD) [44]. After removal of the polymer by heat treatment, the 
polymer’s structure is reproduced but the struts are hollow. 
 
Fig. 2.8 Schematic representation of processes leading to metal sponges (after Refs. [42, 45]). 
(a) Investment casting process, (b) coating of a polyurethane sponge with a thin metal layer 
and subsequent removal of the polymer. 
Fig. 2.9a shows a commercially available product Duocels
®
 prepared by investment casting 
by ERG Materials and Aerospace Corp. [46]. The Duocels
®
 product consists of porous Cu 
and Al panels. Fig. 2.9b displays a porous nickel structure (known as INCOFOAMs) 
fabricated by depositing Ni onto a polyurethane sponge. After removal of the template, an 
open-cell porous Ni structure forms, exhibiting a pore space inside the struts, which is 
revealed in the inset of Fig. 2.9b [47]. When the template material is used in the form of 
individual particles, they are called space holder particles. A variety of space holders has 
been employed for the production of porous metals. Sodium chloride (NaCl), sugar, 




process using NaCl is given in Fig. 2.9c while Fig. 2.9d shows a porous titanium product 
produced this way [48]. 
 
Fig. 2.9 Representative examples of metal sponge prepared by different routes. (a) Open 
porous metal sheets (Duocels
®
 Cu and Al, ERG Materials and Aerospace Corp.) prepared by 
the investment casting technique [46]. Inset: structural connectivity [49]. (b) Open porous 
metal structure prepared by the deposition of nickel onto a polyurethane foam followed by 
the removal of the polymer template structure (INCOFOAM
®
). Inset: pore space inside the 
struts, which is created after removal of the polymer template [47]. (c) Using sodium chloride 
(NaCl) as space holder particles, compaction with metal powder, sintering and dissolution [45] 
and (d) open porous titanium prepared by the space holder approach with NaCl as space 
holder particles [48]. 
Irrespective of its composition, the space holder material must provide a percolating network 
throughout the body in order to be efficiently removed, thus creating the pores. The space 
holder technique enables the fabrication of macroscopic bodies with homogenous open-cell 
porosity and with a controllable average cell size. Another frequently adopted approach is 
solid-state sintering of preformed metallic macro-particles like spheres, hollow spheres, fibres 
or flakes into a macroscopic piece of spongy metal [42, 49-52]. The connectivity between 
individual particles is achieved through the formation of sintering necks. Advances in the 
preparation of metallic building blocks allow the fabrication of a wide variety of different 







2.2.2 Nanoporous metals 
2.2.2.1 By the templating method 
The principle is the same as that used in the space holder approach but the templates are of a 
much smaller size, and, in addition, their shape and arrangement can be controlled to some 
extent. Ideally, the hard or soft templates are defined by the size, shape, morphology and 
connectivity of the pores in the metal network after removal of the template. Advances in the 
synthesis of colloidal silica or polystyrene made it possible to use them as template materials 
[53, 54]. They are mono-disperse and their surface chemistry can easily be tuned so that they 
can be arranged into highly regular opal structures. In a subsequent step, the voids within the 
template particles are infiltrated either by metal precursors or by metal nanoparticles. In the 
case of precursors, they will be reduced to form the solid metal. In the last step, the template 
is removed in order to create the open-pore structure. An overview of the fabrication 
strategies and applications of nanoporous metals has been given by Zhang et al [54]. Various 
metals like Au, Pt, Ni, Cu, Ag and Co have been made into nanoporous configurations by 
templating opal structures as described above [55, 56]. These inverse opals are featured by a 
high structural order with periodically repeating unit cells over long ranges in two dimensions. 
The struts are sharply defined and reproduce the geometry of the corresponding pores in the 





Fig. 2.10 (a) Schematic of sacrificial template assisted technique [53]. (b) SEM image of 
nickel inverse opal structure forming a film. (c-f) SEM image of nickel inverse opal 
structures exemplifying the possibility to trigger the window size (and cell wall resp. strut 
thicknesses) by adjusting the corresponding etching time [57].  
2.2.2.2 By the aerogel method 
Inspired by colloid chemistry, the idea of using metal nanoparticles as building blocks, 
followed by their assembly into three-dimensionally interconnected networks, has emerged 
since last decade. In the first step, a gel is prepared where the metallic building blocks fill a 
volume space by connecting each other into a percolating network structure, whose pores are 
filled by a solvent. In the second step, this gel is subjected to supercritical or freeze drying to 
replace the liquid in the pores with air in the absence of disruptive capillary forces. The as-




blocks in a necklace-like appearance with pores of tens of nanometer size and highly irregular 
geometry (Fig. 2.11a-d). Recent work by Liu et al. [58] presents an interesting approach for 
the production of homogeneous bi-metallic nanoporous metals, without supercritical drying, 
in order to reproduce such “aerogel-like” architectures (Fig. 2.11e and f). These structures 
show great promise for the preparation of nanoporous metals with high specific surface areas. 
 
Fig. 2.11 Metallic aerogel and ‘‘aerogel-like’’ structures. (a and b) SEM and (c and d) 
transmission electron microscopy (TEM) micrographs of platinum aerogels [59]. (e and f) 
SEM and TEM micrographs of gold-platinum bimetallic porous structures [58]. 
2.2.2.3 By the hydrothermal method 
The hydrothermal method is a one-step fabrication method for preparing nanoporous metals 
(see Fig. 2.12(c,d) [60]). It deals with the use of special chemicals and/or solutions, special 
autoclaves, high temperature and long duration (see Fig. 2.12(a,b)). The final nanoporous 
structure is chemical and device dependent. This process is neither suitable for scale-up nor 





Fig. 2.12 (a) Schematic illustration for the synthesis of nanoporous Cu by a hydrothermal 
method; (b) proposed formation process of nanoporous Cu during the hydrothermal method; 
(c) a cross-sectional SEM image with high magnification of the nanoporous Cu film and (d) 
digital image of the synthesized nanoporous Cu films rinsed in ethanol [60]. 
The approaches discussed above are mostly performed on a lab-scale and they are mostly 
limited to producing thin films or powders with little control of the porous structure over 
length scales. To produce (nano)porous Sn-based and Cu-based materials for applications in 
LIBs, this research will focus on the dealloying approach to be introduced below in Sections 
2.3 and 2.4. Dealloying can be regarded as the most prominent approach to realizing direct 
control over the pore size, the selection of materials and the type of samples with a 
(nano)porous structure. 
 
2.3 The dealloying approach and nanoporous metallic materials 
2.3.1 Introduction to dealloying 
Dealloying is the selective (chemical or electrochemical) dissolution of one or more 
components from an alloy, leaving behind a material enriched in the nobler or less active 
alloy component. The remained component experiences a self-assembly process through 
diffusion, resulting in the formation of a solid-void bicontinuous structure with a random 3D 
distribution [61]. This approach was used as early as during the Incan civilization to dissolve 
the more active element Cu from dilute Au-Cu alloys to create the illusion of a pure gold 
artefact [62]. Fig. 2.13 shows a typical artefact made by  this method and the corresponding 
SEM image taken afterwards in 1970 [63]. In addition, dealloying is related to the context of 




dealloying has been intensively investigated in the context of corrosion protection for more 
than a century. The last decade has seen a renewed interest in this approach due to its 
capability of producing nanoporous structures, which hold promise for applications as sensors 
and catalysts due to their high specific surface areas [66-69]. 
  
Fig. 2.13 (a) Anthropomorphic figure from Panama, a typical dilute gold alloy artefact and (b) 
SEM image of the surface of the artefact showing the porous structure of the unburnished 
depletion gilded surface (The scale bar at the bottom left reads 1µm) [63].  
There are two prerequisites for an alloy to undergo dealloying [70-72]: (i) the constituting 
elements in the alloy should have well-differentiated equilibrium potentials (e.g. A is less 
noble whilst B is nobler in a binary AB alloy), allowing A to dissolve away while B remains 
intact [70]; and (ii) the concentration of the nobler element B is below a critical composition, 
referred to as parting limit, beyond which dealloying does not take place due to surface 
passivation by the nobler element B [71, 72]. Many binary alloys meet these two 
requirements, including single solid solution alloys of Ag-Au [73-75], Pt-Co [76], and Au-Cu 
[64, 77], and two-phase alloys of Al-Cu [78-80], Al-Ag [81, 82], Zn-Cu [83, 84] and Mg-Cu 
[85, 86]. They have been dealloyed to produce nanoporous pure metals of Au [64, 73, 74, 77], 
Pt [76], Ag [81, 82], Cu [78-80, 83, 84, 86]. The mechanisms that control the nanoporosity 
formation have been discussed as well [64, 74, 77, 82, 86, 87]. In addition, some studies have 
dealt with dealloying of alloys containing a third element such as Mg90-xCuxY10
 
[88], 
Mg77Ag18.4Pd4.6 [89], Ag64Au30Pt6 [90], Al75Pt15Au10 [91], Al66Au27.2X6.8 (X = Pt, Pd, PtPd, 
Ni, Co and NiCo) [92] and Ag80Au19Pt1 [93]. All the compositions quoted in this thesis are in 






Traditionally, dealloying can be classified into two categories, namely, chemical dealloying 
and electrochemical dealloying. Chemical dealloying can be also referred to as a free 
corrosion process. An alloy is immersed into a corrosion solution, normally acid or oxidative 
solutions which can dissolve the less noble component. Factors, i.e. the ions in the solution, 
the concentration and the temperature of the solution employed, can all affect the diffusivity 
of nobler elements and in turn, can be used to modify the resulting nanoporous microstructure. 
The transmission electron microscopy (TEM) images in Fig. 2.14 shows the microstructure of 
nanoporous Pd produced from the dealloying of Al80Pd20 in 20 wt.% NaOH (a) and 5 wt.% 
HCl (b) solutions [94]. The Cl
-
 in the HCl solution is able to accelerate the diffusion of noble 
atoms (Pd) [95]. As a result, the nanoporous structure from the dealloying in a 5 wt.% HCl 
solution (average ligaments width: 15-20 nm) is much coarser than that from the dealloying 
in a 20 wt.% NaOH (average ligaments width: 3-6 nm). The drawback of the chemical 
dealloying is that it is always performed in aggressive solutions, e.g. HNO3 [75], HCl [96], 
NaOH [80] etc. 
 
Fig. 2.14 TEM images showing the nanoporous structure of nanoporous Pd from the 
dealloying of Al80Pd20 ribbon samples in 20 wt.% NaOH (a) and 5 wt.% HCl (b) solutions 
[94]. 
The other method is called electrochemical dealloying in which a potential is applied to the 
sample to remove the less noble components. One advantage of this method is that it can be 
realized in neutral solutions (e.g. NaCl [87], AgNO3 [97], etc.), which is desired from safety 
and green chemistry points of view. In addition, no effects from concentration changes can be 
observed during electrochemical dealloying process, leaving only the applied potential to 
control the final ligament size. By control of the applied potential, electrochemical dealloying 
can produce much finer microstructure features than chemical dealloying [98]. Hodge et al. 
(a) (b) 
in 20 wt.% NaOH 
50 nm 





[98] compared the microstructures of nanoporous Au made from the chemical and 
electrochemical dealloying of Al75Au25 alloys and found that the electrochemical dealloying 
resulted in much finer microstructures (Fig. 2.15). 
  
Fig. 2.15 SEM micrographs of dealloyed Ag75Au25 foam by (a) chemical dealloying and (b) 
electrochemical dealloying [98]. 
2.3.2 Precursor alloys for dealloying 
2.3.2.1 Binary alloys 
(i) Single solid solution 
Single solid solution precursors have been confirmed to be good candidates as dealloying 
precursors for preparing uniform nanoporous metals. Ag-Au alloy is an ideal precursor 
because Au and Ag are completely miscible across the entire composition range (see Ag-Au 
phase diagram [99] in Fig. 2.16) and no phase separation occurs during selectively dissolving 
of Ag in concentrated HNO3 solution. Dealloying of Ag-Au precursor alloys has been 
extensively studied since 1979 [100], when Forty presented electron micrographs for a free-
standing nanoporous Au membrane material, which had a pore size of approximately 20 nm 
and was made by etching an Ag-Au alloy film in HNO3 solution. Since the 1980s, Sieradzki 
and Newman and others [101-103] have systematically investigated the corrosion process of 
Ag-Au alloys. With advanced electrochemical techniques, such as electrochemical scanning 
tunnelling microscopy, they discussed in great detail about the two key parameters associated 
with dealloying: the parting limit and the critical potential (Ecrit), where the parting limit 
defines the concentration of noble metal in an alloy above which dealloying does not occur, 
while the Ecrit is empirically defined as a voltage threshold above which the dissolution 
current rises dramatically, resulting in substantial dealloying.  





Fig. 2.16 Ag-Au phase diagram [99]. 
At the very beginning of this century, Erlebacher et al. [61] further clarified the underlying 
physical mechanism of dealloying of Ag-Au alloys using experimental approaches and 
computer simulation. After that, increasing interest has been paid to making nanoporous Au 
by dealloying of Ag-Au solid solution alloys. The four effects, namely extended immersion 
time of samples in HNO3 solution (see Fig. 2.17) [104], annealing treatment pre and in the 
middle of dealloying treatment [93, 105], various applied potentials [74, 78], and different 
precursor types (films [106], ingots [107], particles [74], nanotubes [108] and nanowires 
[75]), on the nanoporous microstructure have been studied systematically. These studies also 
provided informative details about the dealloying using other possible precursor systems. In 
addition, nanoporous Au produced from the dealloying of single solid solution Ag-Au alloys 
are promising candidates in catalytic [66, 67, 69], optical [109], sensor [106] and actuation 
[68] applications.   
Except the Ag-Au solid solution precursors, other solid solution precursors (e.g. Mn-Cu [110, 










Fig. 2.17 Plan-view SEM images of nanoporous Au samples showing significant structure 
coarsening upon continued immersion in acid for an extended time (a-d: 5 min - 1 day) after 
the alloy is completely dealloyed (dealloying was completed after 5 min) [104]. 
(ii) Single intermetallic compound alloys 
For some alloy systems which meet the two requirements for  dealloying to occur, 
intermetallic compound alloys rather than solid solution are more common, like Au-Cu [64, 
114-116], Al-Au [94, 117-119], Al-Cu [79] and Mg-Cu [85, 120] alloy systems. 
 
Renner et al. [64, 114-116] have created nanoporous Au by dealloying of a single Cu3Au 
intermetallic phase and systematically investigated its initial dealloying behaviour under 
various potentials and in various electrolytes. Zhang et al. created homogeneous nanoporous 
Au from the dealloying of a single Al2Au [94, 117-119] intermetallic phase and a single 
AlAu [117] intermetallic phase, respectively. Fig. 2.18 shows the microstructure of 
nanoporous Au obtained from the dealloying of Al2Au and AlAu. It implied an effect from 
the precursor composition on the microstructure, which shows that the average ligament-void 
size from the dealloying of AlAu intermetallic compound is larger than that from the 
dealloying of Al2Au. The same authors also fabricated nanoporous Cu from the dealloying of 
a single Al2Cu [79] phase and a single Mg2Cu [85, 120] phase. However, it has been found 
that the dealloying of some single intermetallic compound alloys (e.g. Ag2Al [121], AlCu 
[122], MgCu2 [85]) can only happen on the surface of the sample without penetrating through 






Fig. 2.18 SEM images showing the microstructure of nanoporous Au obtained through the 
electrochemical dealloying of a single Al2Au phase (a) and a single AlAu phase (b) in the 10 
wt.% NaCl solution at the potential of 1.5 V [117]. 
(iii) Multi-phase alloys 
The coexistence of multi-phases in the matrix is typical of multi-component alloys. 
Researchers have studied the dealloying of multi-phases and found interactions between the 
coexistent phases summarized as follows.  
a) As for a two-phase alloy, the dealloying of the less noble phase has a promoting 
effect on the dealloying of the nobler phase. This promoting effect exists in two-phase 
alloys consisting of solid solution and intermetallic compound, (e.g. Al65Ag35 alloy 
consisting of -Al(Ag) and Ag2Al [82, 121]) and two-phase alloys consisting of two 
intermetallic compounds (e.g. Mg50Cu50 alloy consisting of Mg2Cu and MgCu2 [85], 
Al60Cu40 consisting of Al2Cu and AlCu [122]). For example [121]: for the Al40Ag60 (a 
single Ag2Al phase), the dealloying only happened on the surface of the sample (Fig. 
2.19(a, b)), while for the multi-phase Al50Ag50 sample (Ag2Al + -Al(Ag)), the 
dealloying was complete and resulted in homogeneous nanoporous microstructure 
throughout the thickness of the ribbon sample (Fig. 2.19(c and d)). The existence of a 
less noble phase can serve as penetration paths for the solution and promote the 





Fig. 2.19 Cross-sectional SEM images showing the microstructures of as-dealloyed Al40Ag60 
(consisting of single Ag2Al phase) ribbon sample (a, b) and Al50Ag50 (consisting of Ag2Al 
and -Al(Ag) phases) ribbon sample (c, d) [121]. 
(b) The dealloying of some two-phase alloys can result in hierarchical porous structures. 
The initial structure of such two-phase alloys can be inherited after the dealloying 
process which generates a nanoporous structure with a bimodal pore distribution. 
Zhang and co-workers developed nanoporous gold with bimodal channels by chemical 
dealloying rapidly solidified Al80Au20 (consisting of -Al(Au) and Al2Au) [123] and 
Al60Au40 (consisting of Al2Au and AlAu) [118] ribbons. For the creation of bimodal 
porous Au through the dealloying of Al60Au40 which consists of Al2Au and AlAu, 
Zhang showed a schematic illustration (see Fig. 2.20 [118]). The resulting 
microstructure is featured by 25-50 nm large sized channels due to dealloying of the 
Al2Au phase and 10-20 nm small sized channels  due to dealloying of the AlAu phase 
[118]. Fabrication of bimodal porous metals via dealloying of precursor alloys 
consisting of two phases were also presented in rapid solidified Al73Cu27 alloy 
(consisting of -Al(Cu) and Al2Cu) [124] and mechanical alloyed Al80Pd20 alloy 





Fig. 2.20 Schematic illustrations showing the microstructure of (a) the starting Al60Au40 alloy 
and (b) nanoporous Au by chemical dealloying of Al60Au40. The starting Al60Au40 alloy is 
composed of Al2Au and AlAu, and the primary Al2Au is surrounded by AlAu. The resulting 
nanoporous structure comprises two kinds of microstructures: nanoporous Au1 (NPG 1) and 
nanoporous Au2 (NPG 2) with different length scales of ligaments/channels. The dealloying 
of Al2Au and AlAu results in the formation of NPG 1 and NPG 2, respectively [118]. 
These studies indicate that it is possible to manipulate the resulting nanoporous structure via 
the design of the precursor alloy and the control of their microstructure. 
 
2.3.2.2 Ternary or multicomponent alloys 
Research on dealloying over the last decade has been largely focused on de-alloying of binary 
alloys (AB) with a view to producing nanoporous structures of essentially pure metal B, and 
to understanding the dealloying process. A few studies have also dealt with dealloying of 
alloys containing a third element such as (Pt0.05Au0.95)25Ag75 [125], Mg90-xCuxY10 [88], 
Al65Ag22.75Au12.25 [126], Ag64Au30Pt6 [90], Al75Pt15Au10 [91] and Al66Au27.2X6.8 (X = Pt, Pd, 
PtPd, Ni, Co and NiCo) (in at.%) [92, 127]. However, it should be pointed out that in these 
ternary ABC alloys, the third element C introduced was normally a noble element, a slow 
diffuser. The purpose was to slow down the surface diffusivity of B, in order to decrease the 
ligament/channel size of the resulting nanoporous B and achieve high specific surface area. 
Fig. 2.21 [125] shows the refining effect of small amount of Pt in dealloying Au25Ag75 alloy. 
The (Pt0.05Au0.95)25Ag75 was obtained by substituting 1.25 at.% of Au  by Pt, and even such 
minor addition of Pt had reduced ligament size from ∼30 nm to ∼5 nm (Fig. 2.21). The 
doped third element C substituted the noble element B in the lattice of the precursor alloys.  
From this angle, dealloying of these deceptively ternary alloys was not different from the 





Fig. 2.21 SEM images of nanoporous samples dealloyed from (a) Au25Ag75 and (b) 
(Pt0.05Au0.95)25Ag75 respectively. Both samples were dealloyed in 1 M HClO4 aqueous 
solution at 1.03 V [125]. 
For dealloying of ternary alloys (ABC), which consist of three distinctly different phases, the 
only research reported to date appears to be from Feng et al [128]. Similar to dealloying of 
binary AB alloys which produces nanoporous structures of essentially pure metal B, 
dealloying of ternary ABC alloys has the potential to produce nanoporous composite 
structures with constituting elements B and C and with characteristics different from those 
dealloyed from binary alloys. In addition, dealloying of ternary alloys is expected to show 
different dissolution and diffusion behaviors due to the involvement of the third element. 
Understanding their dealloying characteristics is necessary for the fabrication of advanced 
nanoporous metal structures aside from enhancing the knowledge base of dealloying. 
 
2.3.3 Dealloying conditions 
The properties of nanoporous materials are closely related to their microstructure and 
especially the characteristic length scale of ligaments/channels. It is of great importance to 
control the microstructures of nanoporous metals. Some factors including the microstructure 
of precursors discussed in Section 2.2.2, the type of electrolytes, the applied dealloying 
potential, and the dealloying temperature and time, will affect the dealloying process and, in 
turn, the  microstructure of nanoporous metals and their property. 
 
2.3.3.1 Applied potentials 
Compared to the less noble component’s dissolution potential, dealloying always turns-on at 
a much higher over-potential, referred to as the critical potential (Ecrit) [129]. Below this 




passivation layer because of the enrichment of the nobler component [130]. Above the Ecrit, 
dealloying behaves qualitatively like elemental metal dissolution but results in bi-continuous 
structures. A generalized polarization curve is illustrated in Fig. 2.22(a). At a low potential, 
the dissolution current is small but constant. Close to the Ecrit, the dissolution current rises 
exponentially. Since the Ecrit is sensitive to sweep rates and compositions of precursor alloys 
and electrolytes [129], it usually falls into a narrow range, rather than a well-defined value. 
Fig. 2.22(a) is for the single phase precursor alloy. Two individual phases normally have 
different Ecrit values (see Tafel curves for single alpha-Mg and single Mg2Cu in Fig. 2.22(b) 
[120]). And such issue should be taken into account when selecting the right applied 
potentials for dealloying of the multi-phase alloys (like Mg-Cu alloy consisting of alpha-Mg 
and Mg2Cu).  
  
Fig. 2.22 (a) Schematic illustration shows the current/potential behavior of a single phase 
alloy undergoing selective dissolution. The critical potential (Ecrit) corresponds to that 
associated with the knee in the curve and is not sharply defined. The shape of the knee is 
affected by sweep rate, alloy, and electrolyte composition. The dashed vertical lines indicate 
typical ambiguity in defining Ecrit [129]. (b) Tafel polarization curves of single phase alpha-
Mg solid solution and Mg2Cu intermetallics in the HCl solution [120]. 
Dealloying potential has a strong influence on the formation of ligaments. Generally speaking, 
the higher the dealloying potential, the faster the dissolution of the active component and the 
faster the diffusion of the noble component as well [74, 78, 107, 119, 131]. As a result, a 
higher dealloying potential results in coarsened porous structure and a lower dealloying 
potential corresponds to a finer one (one such example is shown in Fig. 2.23 [78]). 





on the applied dealloying potential [78]. Accordingly, it is important to pay sufficient 
attention to the potential selection during the investigation of electrochemical dealloying. 
 
Fig. 2.23 SEM images showing the microstructure of nanoporous Au by electrochemical 
dealloying the Al2Au alloy in the 1 M NaCl solution at the temperature of 273 K at the 
potential of -0.15 V (a) and 0.05 V (b) [78]. 
2.3.3.2 Temperatures 
The resulting nanoporous microstructure can be manipulated through three temperature-based 
treatments or processes: pre-dealloying annealing, dealloying at different temperatures and 
post-dealloying annealing.  
 
Pre-dealloying annealing: For ingot precursor samples, before dealloying, the samples can 
be annealed at a certain temperature for either homogenization or residual stress relief [125, 
132, 133]. This is an important step to producing samples with a homogeneous nanoporous 
structure without the formation of microscale voids. Fig. 2.24 shows the effect of pre-





Fig. 2.24 Micrographs of Au37.5Ag62.5 films after annealing treatment and dealloying 
treatment showing that the annealing treatment of precursor alloy mitigates the formation of 
microscale voids during dealloying [133]. 
In addition, annealing is also effective to modify the phase constitution and distribution in the 
precursor alloy [134]. It offers an effective approach to design and control the microstructure 
of the as-dealloyed samples by modifying the precursor alloys. 
 
Dealloying at different temperatures: The dealloying temperature affects the final 
ligaments scale. One can reduce the ligament size by using a lower temperature to slow down 
the surface diffusivity of the nobler component [119, 131, 135]. On the contrary, increasing 
the dealloying temperature can increase the ligament size. For safety reasons, the temperature 
for dealloying is usually not higher than 100 °C. Attention is normally required when 
selecting the appropriate dealloying temperature. For example, in the Cu-Sn system, the 
intermetallic formation is temperature-sensitive: below 60 °C, only Cu6Sn5 forms while at or 
above 60 °C both Cu6Sn5 and Cu3Sn can develop [136].  
 
Post-dealloying annealing: Post-dealloying annealing can increase the pore size and change 
the microstructure [137-139]. A typical example of tuning the ligament size by post-
annealing is shown in Fig. 2.25 [137]. In addition, the hardness of the nanoporous structure 





Fig. 2.25 Ligament size modulation by different annealing treatments: (a) as-dealloyed (15 
nm), (b) after annealing at 300 °C for 2 min (50 nm), (c) after annealing at 300 °C for 30 min 
(150 nm) and (d) Vickers microhardness, Hv of nanoporous Au versus the ligament size, L 
[137]. 
2.3.4 Summary 
Based on the significant influence of the precursor alloy on the final nanoporous 
microstructure, this thesis chooses to select three precursor alloy systems for dealloying: (i) 
the Al-Sn alloy system which is an immiscible system (see Fig. 2.26(a)), (ii) the Al-Cu-Sn 
alloy system which consists of three distinctly different elements and (iii) the Al-Cu alloy 
system which consists of multi-phases (either solid solution + intermetallic or two 
intermetallics, see Fig. 2.26(b)). The compositions and phase constitutions of each alloy 
precursor selected and to be investigated in this thesis are listed in Table 2.2. The influence of 
alloy compositions and dealloying conditions will be investigated in detail. The dealloying 
treatment will lead to porous Sn and Cu-Sn materials which can be used as anode materials 





Fig. 2.26 Binary Al-Sn [140] and Al-Cu [141] phase diagram and the selection of 
compositions. 
2.4 Dealloying mechanisms 
2.4.1 History  
Pickering [70] and Forty [100, 142, 143] has pioneered in the relevant research, and 
significant advances were made in understanding the electrochemical mechanism of 
dealloying since 1967. It is suggested that the basic procedure or any theoretical framework 
of dealloying should involve how the atoms are dissolved and how they move or transport at 
the alloy surface and within the solid state, during which, one or more of the following 
mechanisms are assumed to operate: 
 
1) Both metals ionize followed by redeposition of nobler metal. It was first proposed by R.B. 
Brahms [144] in 1922 for the dezincification of brass where both Cu and Zn dissolve into the 
electrolyte at different rates followed by redeposition of Cu at more cathodic sites. 
 
2) Only the less noble metal ionizes and enters the solution while the atoms of the nobler 
metal aggregate by surface diffusion. The surface diffusion model proposed first by 
H.Gerisher [145] involves the nucleation and growth of the pure, or almost pure, MN 




that there is no transport of less noble atoms to the electrode surface via volume diffusion. As 
the less noble element is selectively dissolved from the surface of the alloy, the remaining 
nobler element, which is now in a highly disordered state, begins to reorder by surface 
diffusion, resulting in nucleation and growth of nobler-rich islands possibly at preferred 
surface sites such as structural fault boundaries, micro-twins and/or slip steps. Theoretically, 
it is expected that after removal of the less noble metal from the kink sites where atoms are 
least firmly bounded and from the terrace sites which requires a greater activation energy 
(overpotential), eventually the alloy becomes completely passivated when all the surface sites 
are occupied by the nobler metal. However, this is clearly contrary to practical experience 
and alternative mechanisms were suggested first by A.J. Forty [143] and later by K.Sieradzki 
[146]. 
 
3) Only the less noble metal ionizes and enters the solution, and atoms of both metals move 
in the solid phase by volume diffusion. The volume diffusion mechanism was first introduced 
by Pickering and Wagner [70]. The major concept of the volume diffusion mechanism is that 
by the injection of surface vacancies into the crystal volume below the surface, a large 
vacancy supersaturation beyond the thermodynamic equilibrium concentration is developed 
adjacent to the alloy/electrolyte interface, which results in an enhanced diffusion of the less 
noble element toward the surface and the nobler element away from the surface which is 
further owing to the compositional gradients created by the selective removal process. The 
inherent problem with this mechanism is that at room temperature the rate of transport of the 
less noble element to the surface is not sufficient to support the dealloying rate observed 
experimentally. Besides, neither of the diffusivity nor the mole fraction of divancies can meet 
the demand of experimentally observed dealloying rate. The needed diffusivity is many 




divacancy mole fraction is 100 times larger than the equilibrium mole fraction of 
monovacancies just below the melting point of a metal [147]. 
 
4) Synergetic volume and surface diffusion. A.J. Forty et al. [143] proposed that both volume 
and surface diffusion are of importance in the selective dissolution process. It is believed that 
the selective dissolution of the less noble species of an alloy should lead to the creation of 
surface vacancies. These vacancies can then migrate across the surface to form pits, steps and 
other surface roughening features, or they can assist the migration of the residual nobler 
atoms which subsequently leads to island growth. The coalescence of these islands by 
migration of nobler atoms exposes fresh alloy to the corrosive environment where further 
dissolution will occur, leading to the formation of deep pits and tunnels. These surface 
vacancies can also diffuse into the alloy inside to assist volume diffusion of the less noble 
metal to the corroding surface. 
 
In addition, Forty et al. [100, 142, 143] proposed that the formation of the island-channel 
structure during dealloying of Ag-Au alloys can be explained in terms of a (corrosion and 
disordering) + (diffusion and reordering) model in which corrosion proceeds by selective 
dissolution of the less noble component, thereby creating a disordered surface layer which 
subsequently reorders by surface diffusion of gold atoms. In 1989, Sieradzki et al. [148] 
developed a new model to account for all the known features of dealloying based upon the 
percolation theory. Their Monte Carlo simulation results reproduced many of the features 
usually associated with dealloying in real binary noble-metal alloy systems, including the 
porous morphology of the dealloyed residue, coarsening of porosity, sharp dealloying 






Table 2.2 The compositions and phase constitutions of alloy systems selected in this thesis 
[140, 141]. 
Requirement Alloy system at.% Phases Feature 
Porous Sn 
(anode materials) 
Al-Sn Al80Sn20 -Al + -Sn  
Immiscible  Al65Sn35 -Al + -Sn 
 Al50Sn50 -Al + -Sn 
Porous Cu-Sn 
(anode materials) 




Al-Cu Al75Cu25 -Al + Al2Cu  
 
Two-phase 
 Al65Cu35 Al2Cu + AlCu 
 Al55Cu45 Al2Cu + AlCu 
 Al45Cu55 AlCu + Al4Cu9 
 
In 2001, Erlebacher et al. [61] proposed a continuum model which is consistent with 
experiments and theoretical simulations of alloy dissolution. They demonstrated that 
nanoporosity in dealloyed metals is due to an intrinsic dynamical pattern formation process; 
that is, pores form because the nobler atoms are chemically driven to aggregate into two-
dimensional clusters by a phase separation process (spinodal decomposition) at the solid-
electrolyte interface, and the surface area continuously increases owing to etching. Fig. 2.27 
shows the simulated nanoporosity evolution during dealloying. Moreover, the nanoporous 
structure of gold can be simulated using their model. In 2004, Erlebacher [149] further 
described the microscopic details of porosity formation during dealloying as illuminated by a 
kinetic Monte Carlo model, which incorporates site coordination-dependent surface diffusion 
of all alloy components, and site coordination-dependent dissolution of the less noble atoms. 
Their model can reproduce many of the characteristics of the dealloying process, particularly 






Fig. 2.27 Simulated evolution of an artificial pit in Au10%Ag90% (at.%), f = 1.8 eV. Cross-
sections along the (111) plane defined by the yellow line in (a) are shown below each plan 
view. (a) The initial condition is a surface fully passivated with gold except within a circular 
region (the artificial pit). (b) After 1 s, the pit has penetrated a few monolayers into the bulk. 
There are fewer gold clusters near the side wall than at the centre of the pit. (c) After 10 s, a 
gold cluster has nucleated in the centre of the pit. (d) At 100 s, the pit has split into multiple 
pits; each will continue to propagate into the bulk to form a porous structure [61]. 
2.4.2 Current understanding 
Given the importance of dealloying in producing advanced nanoporous Cu materials, much 
effort has been made to understand the underlying mechanism for the dealloying from the 
perspective of phase evolution. Zhang et al. [86, 87, 117, 131] managed to use 
electrochemical measurements (e.g. cyclic voltammetry (CV) measurements, potentiostat 
polarization measurements) to specify the phase transformation during dealloying. Fig. 2.28 
shows an example of using the CV curves to trace the phase evolution of Al60Cu40 alloy 




suggested that the dealloying of the Al2Cu phase started first and then the AlCu phase 
received serious attack before the depletion of Al from the Al2Cu phase [87]. This is an 
intricate approach and requires specialized knowledge in electrochemistry to interpret the CV 
curves [86, 87, 117, 131].  
 
Fig. 2.28 The evolution of the cyclic voltammetry (CV) curves of the two-phase Al60Cu40 
alloy subjected to 600 cycles of CV measurements and the position of current peaks is 
denoted by dashed lines. The alloy turned dark yellow after 600 cycles [87]. 
X-ray diffraction (XRD) has been commonly used to assist in understanding the underlying 
dealloying mechanism of Al-Cu alloys. The phase transformation during dealloying which 
consist of two intermetallics, however, still remains unclear for the following two reasons 
(take Al-Cu alloy system as an example): (a) there was only description of dissolution of Al 
from Al-Cu phases but without quantitative assessments and (b) there was no consideration 
of the formation of -Cu(Al) solid solution during dealloying. The solubility of Al in Cu is 
up to 23.5 at.% [150]. Hence, there is a high probability for the formation of nanoporous -
Cu(Al) after dealloying. However, in the applications of nanoporous Cu especially when used 
as current collectors in LIBs, residual Al is undesired. The reason is that Al itself is an anode 
material in LIBs [10] and the presence of Al in a Cu current collector can result in reactions 




to clarify whether there is existence of -Cu(Al) or not before employing the as-dealloyed 
nanoporous Cu for applications in LIBs. To date, neither issue has been clarified as yet, 
mainly because (a) the powder X-ray diffraction peaks of the involved phases (e.g. Al2Cu, 
AlCu, Cu) are very similar to each other (they often overlap, see Fig. 2.29) and (b) the 
resolution of conventional lab XRD is inadequate to allow quantitative identification of the 
evolution process of these phases during dealloying.  
 
Fig. 2.29 Diffraction information (in 2 range of 5-35° with Mo K-alpha radiation,  = 
0.70926 nm) for the phases (Al2Cu, AlCu and Cu) involved in the dealloying of Al-Cu alloys 
in the International Crystal Diffraction Data (ICDD) database. 
Synchrotron radiation provides a powerful tool to quantitatively analyse the dealloying 
process. Renner et al. [64] used synchrotron surface sensitive XRD to characterize the 
structure and composition evolution at the initial stages of corrosion of a Cu3Au(111) single 
crystal alloy. They revealed microscopic structural changes are associated with a general 
passivation phenomenon on the atomic scale. They also observed the formation of a gold-
enriched single-crystal layer which is two to three monolayers thick and has an unexpected 
inverted (CBA-) stacking sequence. At higher potentials, the protective passivation layer 
dewets and pure gold islands are formed; such structures form the templates for the growth of 




structure formation and strain development during the dealloying of Ag-Au solid solution 
alloys. Synchrotron XRD is a potent tool for studying phase and crystal evolution. It can be 
expected that the use of Synchrotron XRD can help to clarify the dealloying mechanism from 
the perspective of crystal structure evolution. 
 
2.4.3 Summary  
Different precursor alloys (immiscible, two-phase and ternary alloys) as shown in Fig. 2.26 
and Table 2.2 can be selected for dealloying. Based on the dealloying mechanism for the 
solid solution Ag-Au system obtained so far, this thesis will reveal the dealloying 
mechanisms of the selected alloy systems via both ex-situ and in-situ dealloying experiments 
under synchrotron powder diffraction. The outcomes are expected to significantly enhance 
the understanding of dealloying. 
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Chapter 3 A dealloying approach to synthesizing micro-sized porous tin 
(Sn) from immiscible alloy system 
Tin (Sn) metal is featured by higher specific capacity (994 mAh g-1) than that of 
commercialized graphite (372 mAh g-1). However, it undergoes a large volume expansion 
(360%) as an anode in lithium ion batteries (LIBs). Porous forms of Sn are expected to be 
able to cope with the volume change (see Section 2.1 Porous materials in lithium ion 
batteries). Dealloying is a capable approach to producing micro/nanoporous metallic 
materials and has been applied to the synthesis of porous noble metals such as Au, Ag, Pt and 
Pd from various forms of precursor materials, e.g. amorphous, solid solution, or intermetallic 
compound alloys (see Section 2.3.1 Introduction to dealloying).  
 
    
 
  
     
This chapter deals with the dealloying of immiscible Al-Sn alloys and evaluates the effects of 
precursor alloy composition on the phase distribution in the precursor alloy and the pore size
in the  as-dealloyed porous  structures (see Section 2.3.2.1  Binary  alloys).  In  addition,  the 
performance of the as-dealloyed porous Sn as an anode in LIBs is also assessed (see Section
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Abstract Dealloying is a useful approach to producing
micro/nanoporous metallic materials and has been applied
to the synthesis of porous noble metals such as Au, Ag, Pt
and Pd from various forms of precursor materials (e.g.
amorphous, solid solution, or intermetallic compound).
This study shows that dealloying can also be used to fab-
ricate porous non-noble metals like tin (Sn) from immis-
cible Al–Sn alloys of Al80Sn20, Al65Sn35 and Al50Sn50
(in at.% throughout the paper). The as-dealloyed porous Sn
samples showed a three-dimensionally continuous porous
structure throughout each sample and sufficient mechanical
integrity for assembly in lithium ion battery cells as an-
odes. The average pore size depends on the size of the Al
phase in each precursor alloy and falls in the range of
1.58 ± 0.26 to 4.09 ± 0.85 lm with respect to the three
precursor alloys used. The resulting porous Sn structures
can be controlled through changing the microstructure of
the precursor alloy. The as-dealloyed porous Sn anode
showed an outstanding initial charging-discharging ca-
pacity and a high coulombic efficiency in lithium ion
battery performance tests.
Keywords Dealloying  Immiscible alloys  Al–Sn
alloys  Porous tin  Anode
1 Introduction
With the increasing demand for advanced electrical vehi-
cles and mobile electronic devices, researchers working on
lithium-ion batteries (LIBs) are being challenged to de-
velop high performance electrodes with superior energy
density [1]. Tin (Sn), as a metal based candidate anode
material, has attracted much attention for its higher theo-
retical specific capacity (*994 mA h g-1) than that of the
traditional graphite electrodes during the Li? storage pro-
cess [see Eq. (1)] [2].
4:4Li þ Sn ! Li4:4Sn ð1Þ
However, the large atomic uptake during lithiation [a rise
by 440 % in the amount of atoms according to Eq. (1)] can
induce large volume changes to the Sn anode material and
this may lead to pulverization and therefore a short cycle
life of the cell [2]. In this regard, making the Sn anode into
a three-dimensionally porous structure may offer a
promising solution as the porous structure has the potential
to serve as a strain buffer to mitigate the detrimental impact
from the large volume changes [3]. To date, much effort
has been made to fabricate such porous Sn anodes using
electrodeposition [3, 4], magnetic sputtering [5], and sol–
gel [6]. However, none of these methods has received wide
acceptance as yet. Hence, it is necessary to develop a
simpler and more competent approach to the fabrication of
porous Sn with micro-sized or even nano-sized porosity.
Dealloying, which is essentially a selective corrosion
process [7], can be such a potential solution. During deal-
loying, the less noble component leaves the precursor alloy
& Ma Qian
ma.qian@rmit.edu.au
1 School of Aerospace, Mechanical and Manufacturing
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and dissolves into the electrolyte, while the remaining no-
bler element diffuses and develops into a three-dimension-
ally continuous nano-sized and/or micro-sized porous
structure. Novel mechanical [8] and optical [9] properties
have been reported for such porous structures and potential
applications (e.g. as catalysts [10] and sensors [11]) were
recommended. A number of alloy systems have been deal-
loyed so far to fabricate porous metal structures, including
Al–Zn (solid solution) [12], Si–Pt (amorphous) [13], Al–Ag
(solid solution ? intermetallic compound) [14], and Al–Cu
(consisting of two intermetallic compounds without solid
solution phases) alloys [15]. However, no dealloying effort
has been made of immiscible alloy systems.
In this study, we selected three immiscible Al–Sn alloys
as the precursors to investigate the dealloying process of
immiscible alloy systems. The standard electrode potentials
of Al and Sn are EAl3?/Al = -1.66 V, and ESn2?/Sn =
-0.13 V. Al is thus more active than Sn and is expected to
be dealloyed from the Al–Sn alloys. Experiments con-
firmed this deduction and the phase constitution and mi-
crostructure of the as-dealloyed porous Sn foil samples
were studied. In addition, an as-dealloyed porous Sn foil
was assembled into a LIB unit as the anode for evaluation
of its electrochemical performance.
2 Experimental
Ingots of Al50Sn50, Al65Sn35 and Al80Sn20 (in at.%)
alloys were prepared from Al (purity, 99.99 %) and Sn
(purity, 99.999 %) metals using an arc melting furnace
under an argon atmosphere. The ingots were remelted four
times at least to ensure chemical homogeneity. The molten
alloy was sucked into a copper mould (*/
8 mm 9 30 mm) by the pressure differential between the
sample chamber and the melting chamber. The as-cast rod
samples were cut, ground and polished into foils (*/
8 mm 9 *0.15 mm).
Dealloying of the Al–Sn foil samples was carried out in
a 5 wt% HCl aqueous solution at 70 ± 2 C for 120 min.
The samples were then rinsed in distilled water and de-
hydrated alcohol. The mass and thickness of each foil
sample were recorded both before and after dealloying.
X-ray diffraction (XRD, Bruker D8 with Cu Ka radiation)
was used for phase identification in both the precursor al-
loys and their as-dealloyed samples. Powder samples
(-200 mesh or \74 lm), crushed from Al–Sn precursor
foils (*/ 8 mm 9 0.15 mm), were used for the XRD of
the precursor alloys. The microstructure was examined
using scanning electron microscopy (SEM: JEOL 7001
Fig. 1 Binary Al–Sn phase
diagram (a) and XRD spectra of
the three precursor Al–Sn alloys
(8 mm diameter rods b). The
corresponding SEM-BSE
images (c–e) show the presence
of the Al (dark contrast) and Sn
(light contrast) phases in each
microstructure
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operated at 15 keV), assisted with energy-dispersive X-ray
spectroscopy (EDX).
The electrochemical performance of the as-dealloyed
samples was tested using a LAND galvanostatic charge–
discharge cycle instrument after being assembled into a
stainless steel coin cell (Brand 2032). The cells were cy-
cled at room temperature at a 0.2 C rate and between
0.01 V and 2.1 V.
3 Results and discussion
3.1 Phase constitution of the precursor alloys
Figure 1 shows the Al–Sn phase diagram [16], XRD results
and SEM backscattered electron (BSE) images of the three
precursor alloys of Al50Sn50, Al65Sn35 and Al80Sn20. Al
and Sn are immiscible in each alloy (Fig. 1a). As expected,
the intensity of the XRD peaks for the Al phase increased
with increasing Al content (Fig. 1b). However, the Al
peaks were found to be weaker than the Sn peaks even for
the Al80Sn20 alloy (Fig. 1b) due likely to the high X-ray
scattering factor of the heavy element Sn. The corre-
sponding SEM-BSE images shown in Fig. 1c–e revealed
the distribution of the Sn phase (light contrast) in the Al
matrix (dark contrast). The average width of the Al phases,
measured from at least 70 particles, was found to increase
from 2.14 ± 0.82 (Al50Sn50) to 2.66 ± 0.61 lm
(Al65Sn35), and then to 4.42 ± 0.93 lm (Al80Sn20) with
increasing Al content.
The standard electrode potentials of Al and Sn are
known to be EAl3?/Al = -1.66 V, and ESn2?/Sn =
-0.13 V. This distinct difference can readily lead to the
formation of micro-galvanic corrosion cells between the Al
and Sn phases shown in Fig. 1c–e [17] thereby leading to
the preferential corrosion of the Al anode and the protec-
tion of the Sn cathode in the electrolytes. Table 1 lists the
mass of each sample recorded before and after dealloying
together with the actual mass of Sn in respective Al–Sn
precursor alloys. The mass of each as-dealloyed sample
(i.e. the leftover) was consistently lower than the actual
mass of Sn in respective precursor alloys. This implies that
there was some dissolution of Sn during dealloying.
However, no consequences were observed from the limited
dissolution of Sn as yet. It is possible to avoid the small
dissolution of Sn by using a different acid solution as Sn
responds differently to different acid solutions [18].
3.2 Phase constitution and microstructure
of as-dealloyed samples
Figure 2 shows the XRD results of the as-dealloyed Al–Sn
foil samples together with three images showing the phy-
sical status of each sample. After dealloying, the Al phase
disappeared in each precursor alloy and the as-dealloyed
samples consisted of essentially the single Sn phase. A
small presence of SnO was detected, but since SnO is a
high capacity lithium ion storage material [19], its presence
in the as-dealloyed material is not necessarily negative.
Zhang et al. [20] fabricated porous Sn by dealloying of
Mg70Sn30 (at.%). However, their samples lost mechanical
integrity after dealloying; the original ribbons were not
preserved but pulverized into mud-like powders according
to the authors. As shown in Fig. 2, the as-dealloyed porous
Sn in this study all showed good mechanical integrity. No
problems were encountered in assembling them into bat-
teries as anodes for performance testing (the results are
shown in Fig. 5). The good mechanical integrity of the as-

















[(t1 - t2) 9
100]/t1
(%)
Al80Sn20 8.7 4.2 4.5 97 67 30.9
Al65Sn35 22.3 15.4 15.8 177 120 32.2
Al50Sn50 13.9 10.2 11.2 149 96 35.5
Fig. 2 XRD spectra of as-dealloyed Al–Sn foil samples together with
photos showing the mechanical integrity of the as-dealloyed samples
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dealloyed porous Sn foil samples obtained from this study
is critical to their application.
Figure 3 shows the microstructure of the as-dealloyed
Al–Sn foil samples. Homogeneous porous structures were
created from the surface (Fig. 3a, c, e) and across different
sections (Fig. 3b, d, f) in each as-dealloyed sample. No Al
was detected by the SEM-EDX analyses (see inset in
Fig. 3b) in the dealloyed samples, indicative of complete
dealloying, which is consistent with the XRD results shown
in Fig. 2 (i.e. the absence of XRD peaks for Al). The
average pore size was measured in each as-dealloyed
porous Sn structure. It is 1.58 ± 0.26 lm in the porous Sn
sample dealloyed from Al50Sn50, 2.08 ± 0.42 lm in that
dealloyed from Al65Sn35 and 4.09 ± 0.85 lm in that
dealloyed from Al80Sn20 (see Fig. 4). This is very close to
the size of the Al phase in respective precursor alloys
(Fig. 1c–e), suggesting that the porous structure was cre-
ated by excavating the Al phase directly from each Al–Sn
precursor alloy. This is supported by the observation that
the resulting porous structure and the Sn ligament
Fig. 3 SEM images and representative EDX results for porous Sn made from dealloying of Al50Sn50 (a, b), Al65Sn35 (c, d) and Al80Sn20
(e, f)
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morphology are similar to the distribution of the Al phase
and the morphology of the Sn phase, respectively, in each
Al–Sn precursor alloy (Fig. 1c–e). This means that it is
possible to manipulate the length scale of the porous Sn
structure via the design of the precursor alloy and control
of their microstructure. This concept has recently been
applied to the dealloying of Al–Cu precursor alloys [21]. It
differs from the mechanism by which a porous structure is
created in a classical dealloying process, which comprises
leaching of the non-noble element and diffusion of the
noble element along the electrolyte/solid interface [7]. The
resulting porous structures have no direct correspondences
to the starting microstructure.
Also listed in Table 1 are the sample thickness values
before and after dealloying. The sample thickness showed a
reduction of more than 30 % after dealloying. This can be
attributed to the volume shrinkage effect caused by deal-
loying due to the removal of the Al atoms (the main con-
stituting element) from the precursor alloys as well as the
limited dissolution of Sn discussed earlier. A similar degree
of dealloying-induced volume contraction has been re-
ported for dealloying of Au–Ag alloys [22].
3.3 Electrochemical performance of porous Sn
anode
Three as-dealloyed porous Sn foil samples were assembled
into lithium ion batteries as anodes for performance testing.
Figure 5 shows a typical example of the electrochemical
Fig. 4 Dependence of pore size in the as-dealloyed microstructure on
the average size of the Al phases in corresponding precursor alloys
Fig. 5 Electrochemical performances (cycling performance together with coulombic efficiency) of the porous Sn dealloyed from Al80Sn20 (a,
b), and SEM images of the porous Sn structure before (c) and after (d) the lithiation/delithiation process
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performance of one such porous Sn anode dealloyed from
the Al80Sn20 alloy. It exhibited a high initial capacity of
*818 mA h g-1, although the capacity declined to
*200 mA h g-1 after 10 cycles. In addition, each charge–
discharge process showed a nearly 100 % coulombic effi-
ciency. It was noted that some small departures occurred
around 400 mA h g-1 on the 1st charging curve shown in
Fig. 5b. This may arise from some contact issues between
the Sn foil anode and the stainless steel substrate in the coin
cell (Brand 2032). The 1st charging curve (Fig. 5b) is
typical of the charging curves reported for Sn anodes [23],
featured by the development of four voltage platforms due
to the formation of LixSny intermetallics.
Figure 5c, d shows the porous Sn structure before Fig.
5c and after Fig. 5d the lithiation/delithiation processes.
The average pore size decreased from 4.09 ± 0.85 to
3.16 ± 0.57 lm after lithiation/delithiation. In addition,
EDX analyses revealed that after the battery performance
tests the surface layers of the porous Sn samples contained
about 57 at.% O and 43 at.% Sn, indicative of surface
oxidation, which may result from the reaction between the
porous Sn anode and the electrolyte and/or the pick-up of
oxygen during dealloying. The surface Sn oxide layers
have lower electrical conductivity than the underneath Sn
metal [24]. This change in electrical conductivity may have
served as another reason for the noise signals observed on
the charge–discharge curves.
Figure 6 shows the initial capacity of the porous Sn
anode made in this study and literature data on Sn-based
anodes [3, 25–35] including the theoretical capacity of pure
Sn. The porous Sn anode made in this study displayed an
outstanding initial capacity. This shows the promise of
employing the as-dealloyed porous Sn as anodes in lithium
ion batteries. One remaining challenge is, however, its
short cycle life due to the lack of sufficient ductility and
strength. In other words, the porous Sn structures produced
via dealloying were still inadequate to buffer the strain
during lithiation/delithiation for the expected long cycle
life. A possible remedy is to introduce an immiscible in-
active ductile constituent M (which forms no intermetallics
with Al or Sn) into the Al–Sn alloys to produce a more
ductile porous Sn–M composite anode after dealloying of
Al. This may represent an important future direction in the
design of Sn-containing precursor alloys.
4 Conclusions
• Porous structures can be produced in the non-noble Sn
metal through dealloying of Al from a variety of im-
miscible Al–Sn alloys in hydrochloric acid (HCl) so-
lutions. The as-dealloyed porous Sn structures showed
an average pore size in the range of 1.58 ± 0.26 to
4.09 ± 0.85 lm. The morphology and size of these
pores are dependent on the morphology and size of the
Al phase in respective precursor Al–Sn alloys. As a
result, the resulting porous Sn structures can be ma-
nipulated through control of the composition and mi-
crostructure of the precursor alloy.
• The as-dealloyed porous Sn anode was assessed in a
lithium ion battery and showed an outstanding initial
capacity of 818 mA h g-1 and a coulombic efficiency in
the range of 65–99 %. However, the cycle life was
limited due to the lack of sufficient ductility and strength.
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Supplementary Information for Chapter 3 
Battery Performance Characterization 
CR2032 coin cells were assembled in the glove box using the as-dealloyed foil sample as the 
working electrode, lithium metal as the counter and reference electrode, Celgard 2400 as the 
separator and a solution of 1 mol/L LiPF6 in ethylene carbonate (EC)/diethyl carbonate (DEC) 
(1:1 by volume) as the electrolyte. Galvanostatic charging/discharging was carried out at a 
0.2 C rate in the voltage range of 0.01~2.1 V on a LAND testing system. 
 
62 
Chapter 4 Dealloying of a ternary Al67Cu18Sn15 alloy and the fabrication of 
Cu-Sn composites 
Nanoporous-structured Cu-Sn composites are promising candidate anodes for lithium ion 
batteries (LIBs) where both of the non-active component Cu and the nanoporous structure are 
expected to accommodate the large volume change compared to the use of Sn anode alone 
(see Section 2.1.3.3 Nanoporous composite anode materials). 
 
This chapter introduces a newly designed ternary Al67Cu18Sn15 alloy, which, unlike 
traditional binary alloys used for dealloying; consists of three distinctly different composing 
elements (Section 2.3.2.2 Ternary alloys). The chemical dealloying of this alloy and the 
creation of nanoporous Cu-Sn composites by dealloying are studied. In addition, its 
electrochemical dealloying is also studied and compared with chemical dealloying (Section 
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65 de-alloying and re-alloying in a
ternary Al67Cu18Sn15 alloy and the fabrication of 3D
nanoporous Cu–Sn composite structures
T. Song,a M. Yan,a Y. Gao,b A. Atrensc and M. Qian*a
We report the concurrence of de-alloying and re-alloying in a ternary Al67Cu18Sn15 alloy (at.%) de-alloyed in
a 5 wt% hydrochloric acid (HCl) solution at 70  2 C, and the fabrication of three-dimensional (3D)
nanoporous Cu3Sn–Cu–Cu6Sn5 composites in the form of self-supporting foils. Re-alloying occurred in
Al67Cu18Sn15 compared to de-alloying alone in binary Al–Cu alloys. Both Cu3Sn and Cu6Sn5 phases
formed through an accompanied re-alloying process. This finding further proves the temperature
sensitivity of phase formation in the Cu–Sn system established from Cu–Sn diffusion couple studies, and
demonstrates the capability of designing and creating nanoporous composite materials via de-alloying a
multicomponent alloy.1. Introduction
De-alloying is the selective dissolution of one or more compo-
nents from an alloy, leaving behind a material enriched in the
nobler or less active alloy component. This approach was used
as early as during the Incan civilization to dissolve the more
active element Cu from dilute AuCu alloys to create the illusion
of a pure gold artefact.1 The last decade has seen a renewed
interest in this approach due to its capability of producing
nanoporous structures, which holds promise for applications as
sensors2,3 and catalysts based on their high specic surface
areas.4
There are two prerequisites for an alloy to undergo de-
alloying:5–7 (i) the constituting elements in the alloy should have
different electrochemical activities (e.g. A is less noble whilst B
is nobler in a binary AB alloy);5 and (ii) the concentration of the
nobler element B is below a critical composition, referred to as
parting limit, beyond which de-alloying does not take place due
to surface passivation by the nobler element B.6,7 Many binary
alloys meet these two requirements, including single solid-
solution alloys of Au–Ag,8 Pt–Co,9,10 and Au–Cu,11 and two-
phase alloys of Al–Cu,12,13 Al–Ag,14 Zn–Cu15 and Mg–Cu.12,16
They have been de-alloyed to produce nanoporous pure metals,
and the mechanisms that control the nanoporosity and pattern
formation have been investigated.6,7,9,10,12–19 De-alloying of ahanical and Manufacturing Engineering,
urne, VIC 3001, Australia. E-mail: ma.
lurgy and Materials Processing, Shanghai
aterials, School of Mechanical and Miningbinary AB alloy involves the dissolution of A, and the diffusion
of B.17 Both the rate of dissolution of A, and the surface diffu-
sivity of B, have a signicant inuence on the formation of the
nanoporous structure, including the size of the ligaments/
channels in the nanoporous B.20
Research on de-alloying over the last decade has been largely
focused on de-alloying of binary alloys (AB) with a view to
producing nanoporous structures of essentially puremetal B, and
understanding the de-alloying process. Only a few studies have
dealt with de-alloying of alloys containing a third element such as
Mg90xCuxY10,21 Mg77Ag18.4Pd4.6,22 Ag64Au30Pt6,23 Al75Pt15Au10 24
and Al66Au27.2X6.8 (X ¼ Pt, Pd, PtPd, Ni, Co and NiCo)
(in at.%).25,26 However, it should be pointed out that in these
ternary ABC alloys, the third element C introduced was similar
to the nobler element B, a slow diffuser. The purpose was to
slow down the surface diffusivity of B, in order to decrease the
ligament/channel size of the resulting nanoporous B.21–23,26 The
small amount of this third element C substituted for the noble
element B in the lattice of the precursor alloys.21–23,26 Accord-
ingly, de-alloying of these deceptively ternary alloys was no
different from the de-alloying of binary alloys.
For de-alloying of ternary alloys (ABC), which consist of three
distinctly different elements, the only research reported to date
appears to be that by Feng et al.27 As with de-alloying of binary
AB alloys, which produces nanoporous structures of essentially
pure metal B, de-alloying of ternary ABC alloys has the potential
to produce nanoporous composite structures with constituting
elements B and C and with characteristics different from those
de-alloyed from binary alloys for various applications. In addi-
tion, de-alloying of ternary alloys is expected to show different
dissolution and diffusion behaviors due to the involvement of
the third distinctly element. Understanding their de-alloying
characteristics is necessary for the fabrication of moreThis journal is © The Royal Society of Chemistry 2015









































View Article Onlinecomplex nanoporous metal structures aside from enhancing
the knowledge base of de-alloying.
This paper studied the de-alloying of a ternary Al67Cu18Sn15
alloy at 70 2 C in a selected acid solution. The rationale for the
selection of an AlCuSn ternary alloy is given as follows. First,
dense nanostructured intermetallic Cu6Sn5 anodes outperform
pure Sn anodes in lithium ion batteries, where the inactive Cu
matrix can act as a stress buffer to accommodate the large
volume change caused by lithiation/delithiation during battery
operation.28–30 The use of a nanoporous structure has proved to
be effective to absorb the volume change of the anodematerial in
lithium ion batteries, such as nanoporous SnO2 anodes31 and
nanoporous Ge–C anodes.32 Nanoporous Cu–Sn based compos-
ites, if they can be created by de-alloying of a ternary AlCuSn alloy,
may have the potential to show desired strain-accommodation
capabilities due to their nanoporous structure. In addition,
they may offer some good composite strain buffer ability too, like
the Sn–Cu composites.28–30 Second, Al is electrochemically more
active than both Cu and Sn.5 This allows the creation of various
Cu–Sn based nanostructures via the de-alloying of AlCuSn alloys.
Third, both Cu and Sn have fast self-diffusion rates,33 which are
in favour of complete de-alloying of the entire sample. Addi-
tionally, Cu atoms can diffuse interstitially into Sn even at room
temperature to enable intermetallic formation.34,35 These char-
acteristics imply that AlCuSn alloys are promising candidate
ternary precursors for the creation of a Cu–Sn based nanoporous
structure via de-alloying of the Al. The composition of the ternary
Al67Cu18Sn15 alloy was determined as follows. The concentration
of 67 at.% Al was chosen to be close to the parting limit of Al6,7
whilst the relative concentrations of Cu and Sn were chosen to
match the ratio of 1.2 : 1 for Cu to Sn in Cu6Sn5.30 The selection of
the de-alloying temperature (70  2 C) is based on the phase
formation sequence in the Cu–Sn system established fromCu–Sn
diffusion couple studies,35 which identied that below 60 C only
Cu6Sn5 forms while at or above 60 C both Cu6Sn5 and Cu3Sn can
develop.35 Feng et al.27 have recently reported the formation of
Cu6Sn5 by de-alloying of an Al10Cu3Sn alloy at 60 C but no
formation of Cu3Sn was observed. The selection of 70  2 C is
expected to lead to the formation of Cu3Sn and this will allow us
to compare the phase formation in de-allying with the observa-
tions made from diffusion couple studies.
2. Experimental
The Al67Cu18Sn15 alloy was prepared from 99.99% purity Al,
99.99% purity Cu and 99.999% purity Sn using arc melting
under argon. The alloy was remelted four times to ensure
chemical homogeneity. The molten alloy from the fourth
remelting was sucked into a water-cooled copper mould with a
cavity of 8 mm in diameter and 30 mm in length, by the pres-
sure differential between the mould and melting chamber. Disc
samples were cut from the rod, ground and polished into 0.6
mm thick foils (8 mm in diameter).
De-alloying of the foil samples was carried out at 70 2 C in
200 ml of 5 wt% HCl aqueous solution. A hot plate and a
mercurial thermometer were used to control the temperature.
According to the preliminary tests performed on three discThis journal is © The Royal Society of Chemistry 2015
66 samples, it was found that complete de-alloying of each sample
required about 480 min. On this basis, samples were de-alloyed
for various durations from 60 min to 480 min. This permitted a
systematic study of the de-alloying process. De-alloyed samples
were removed from the acid solution, rinsed in distilled water
and dehydrated with alcohol.
The phase constitution and microstructure were character-
ized using X-ray diffraction (XRD, Bruker D8 instrument, with
Cu Ka radiation, with a scanning rate of 1 min1), scanning
electron microscopy (SEM) in both the second electron (SE)
imaging and backscattered electron (BSE) imagingmodes (JEOL
7001, operated at 15 keV equipped with energy dispersive X-ray
spectroscopy (EDX) made by INCA). Transmission electron
microscopy (TEM) and selected area electron diffraction (SAED)
(from JEOL 2100, operated at 200 kV) were also employed to
study the microstructure and phase constitution. Samples for
TEM analysis were prepared by grinding the as-dealloyed foils
into powder, followed by dispersing the powder in ethanol by
ultrasonic, and nally releasing just a few drops of the particles-
containing ethanol solution on a 3 mm diameter carbon lm
supported on a copper grid. Aer drying in air for 20 min, the
powder samples were ready for TEM analysis.3. Results
3.1 Phase constitution of precursor
Fig. 1 presents the XRD patterns and a typical SEM micrograph
of the precursor Al67Cu18Sn15 alloy, which consisted of three
phases: a-Al(Cu, Sn) solid solution, b-Sn(Al, Cu) solid solution,
and the Al2Cu intermetallic. At room temperature, the solubility
limits of Cu and Sn in Al are 5.5 wt% 36 and 0.12 wt%,37
respectively, whilst b-Sn(Al, Cu) contains only up to 0.06 wt% Al
and 0.005 wt% Cu.38 Hence, the solid solutions are essentially a-
Al(Cu) and metallic b-Sn. Fig. 1 shows the a-Al(Cu) phase (dark
contrast), the Al2Cu phase (grey contrast), and the Sn phase
(bright contrast, enveloping the Al2Cu phase), using the BSE
imaging mode. These observations are consistent with the Al–
Cu–Sn ternary phase diagram.393.2 Phase constitution and morphology evolution during
dealloying
The following observations are notable aer various durations
of de-alloying from 60 to 480 min according to the XRD patterns
shown in Fig. 2a and b.RSC Adv., 2015, 5, 9574–9580 | 9575
Fig. 3 (a) SEM image showing preferential de-alloying of a-Al(Cu)
(circled); (b) remnants of Sn (arrowed) and nanoporous Cu3Sn and Cu
on Al2Cu substrate; (c) and (d) surface nanoporous structures after 120








































View Article Online(i) The a-Al(Cu) had disappeared aer the rst 60 min de-
alloying, and there were new phases, identied to be Cu3Sn,
Cu and Cu6Sn5 with a preponderance of the Cu3Sn phase. In
addition, there was a noticeable decrease in the intensity of the
XRD peaks for both Al2Cu and Sn. Fig. 3 shows the micro-
structures aer 60 min, 120 min and 180 min de-alloying. The
preferential de-alloying of a-Al(Cu) can be seen from Fig. 3a.
Fig. 3b shows remnants of Sn and a surface nanoporous
structure (with an average ligament width of 40  8 nm) on the
Al2Cu substrate, which is interpreted to be Cu3Sn and/or Cu
according to the XRD results in Fig. 2a and c. With the progress
of de-alloying, the nanoporous structure on the Al2Cu substrate
became increasingly coarser (see Fig. 3c and d) while the
amount of Cu3Sn and/or Cu continued to increase (see Fig. 2a).
(ii) No Sn was detected by XRD aer 240 min de-alloying, and
there was a noticeable decrease in the intensity of the XRD
peaks for Al2Cu. The SEM BSE image in Fig. 4a conrmed the
absence of Sn. The surface nanoporous structure aer the rst
180 min de-alloying (Fig. 3b–d) had further developed aer 240
min de-alloying as shown in Fig. 4b. TEM selected area electron
diffraction (SAED) identied the presence of both Cu3Sn and
Cu6Sn5 (Fig. 4d), consistent with the XRD results.
(iii) The Al2Cu phase remained aer 300 min de-alloying but
had disappeared aer 480 min de-alloying (Fig. 2b), indicative
of complete de-alloying of the Al2Cu phase. This was conrmed
by the microstructures shown in Fig. 5a and b, in which no
Al2Cu was observed. The three strongest XRD lines in the 2q
range of 23–47 for each of the Cu3Sn (JSPDS reference no. 03-
065-4653), Cu (00-004-0836) and Cu6Sn5 (01-076-2703) phases in
the International Centre for Diffraction Data (ICDD) database
are shown in Fig. 2c to assist in phase identication.
The microstructure of the nal dealloyed product is shown
in Fig. 5. A nanoporous microstructure with an averageFig. 2 (a and b) XRD patterns of Al67Cu18Sn15 alloy after de-alloying in
a 5 wt% HCl solution for up to 480 min; and (c) three strongest
diffraction lines (in 2q range of 23–47) for each of the Cu3Sn, Cu and
Cu6Sn5 phases in the ICDD database together with XRD patterns
obtained from samples after 60 and 480 min de-alloying.
9576 | RSC Adv., 2015, 5, 9574–9580
67 ligament width of 170  50 nm was obtained on the surface
(Fig. 5a and b) and throughout the longitudinal section (Fig. 5c
and d). The inhomogeneous microstructure observed aer 240
min (Fig. 4c) and 300 min de-alloying (Fig. 4e and f) had evolved
into a homogenous nanoporous structure (Fig. 5c). TEM
examination conrmed the nanoporous nature of the product
(Fig. 5e). Also, the existence of Cu3Sn and Cu6Sn5 was identied
by SAED and high resolution TEM images (Fig. 5f), consistentFig. 4 (a) and (b) surface nanoporous structures of Cu3Sn–Cu–
Cu6Sn5; (c) inhomogeneous microstructure on cross section; (d) TEM
SAED results of Cu3Sn and Cu6Sn5 after 240 min de-alloying; and (e)
and (f) inhomogeneous microstructure after 300 min of de-alloying.
This journal is © The Royal Society of Chemistry 2015
Fig. 5 Nanoporous structures of Cu3Sn–Cu–Cu6Sn5 produced after
480 min de-alloying: (a) and (b) surface; (c) and (d) cross section; (e)
bright field (BF) TEM image confirming the nanoporous structure; and
(f) HRTEM image and TEM SAED results of Cu3Sn and Cu6Sn5 phases.
The nanoporous Cu3Sn–Cu–Cu6Sn5 composite is produced in the








































View Article Onlinewith the XRD results. EDX analyses detected no Al but did detect
Cu and Sn (as presented in the inset in Fig. 5c). In addition, the
atomic ratio of Cu : Sn detected by EDX analyses is around
78 : 22, which is clearly greater than the ratio of Cu to Sn in
either Cu3Sn (3 : 1) or Cu6Sn5 (1.2 : 1.0). This supports the
detection of free Cu in the de-alloyed sample by XRD. The
nanoporous Cu3Sn–Cu–Cu6Sn5 composite is produced in the
form of self-supporting foils (0.6 mm thick and 8 mm in
diameter).Table 1 De-alloying of ternary AlCuSn alloys
De-alloying system Feng et al.'s paper27 This study
Precursor composition (at.%) Al10Cu3Sn Al67Cu18Sn15
Electrolyte solution 20 wt% NaOH 5 wt% HCl
De-alloying temperature (C) 60 70  2
De-alloyed product Cu–Cu6Sn5 Cu3Sn–Cu–Cu6Sn54. Discussion
4.1 De-alloying of ternary AlCuSn alloys
a-Al(Cu) has a large volume fraction in the precursor ternary
Al67Cu18Sn15 alloy (Fig. 1). De-alloying of the Al67Cu18Sn15 alloy
started with the preferential dissolution of a-Al(Cu), as evi-
denced by its quick disappearance aer 60 min de-alloying
(Fig. 2a). This is similar to the observations made from the
de-alloying of other Al-based alloys (binary Al65Ag35,14
AlCu,12,13,40,41 or ternary Al66Au27.2X6.8 (X ¼ Pt, Pd, PtPd, Ni, Co
and NiCo)26). It was noticed that there was release of hydrogen
(H2) as gas bubbles during de-alloying. Hence the de-alloying
process of the a-Al(Cu) phase may be described as follows
2a-Al(Cu)(s) + 6HCl(l)/ 2Cu(s) + 2AlCl3(l) + 3H2(g) (1)
where the Cu atoms released from this process are limited to
the solubility of Cu in a-Al.This journal is © The Royal Society of Chemistry 2015
68 De-alloying of the Al2Cu phase also occurred in this process,
as informed by the notable decrease in the intensity of the Al2Cu
XRD peaks. Considering both the release of H2 and the presence
of free Cu in the nal de-alloyed product, the de-alloying
process of Al2Cu may be described by eqn (2) below
Al2Cu(s) + 6HCl(l)/ 2AlCl3(l) + Cu(s) + 3H2(g) (2)
As mentioned previously, the only other study of de-alloying
of ternary AlCuSn alloys was that by Feng et al.27 Table 1 lists the
distinct differences between this study and Feng et al.'s work.27
(i) Different precursors. The precursor used in ref. 27 was
based on Cu3Sn while this study is based on Cu6Sn5 (18 : 15 ¼
6 : 5) aiming to obtain a nanoporous Cu6Sn5, as the Cu6Sn5
compound has proved to outperform pure Sn as anode
material.28,29
(ii) Different electrolyte solutions. Both NaOH and HCl
solutions are able to dissolve Al from Al-based alloys for de-
alloying.12–14,24,40,41 The selection of HCl solutions is comple-
mentary to the selection of NaOH solutions for the de-alloying
of AlCuSn alloys27 and it can also show the inuence of elec-
trolyte on the de-alloying of AlCuSn alloys.
(iii) Different de-alloying temperatures. Detailed Cu–Sn
diffusion couple studies have indicated that below 60 C only
Cu6Sn5 forms while at or above 60 C both Cu6Sn5 and Cu3Sn
can form.35 Indeed, Feng et al.27 selected 60 C and conrmed
only the formation of Cu6Sn5 although the ratio of Cu : Sn of
their precursor was designed to be 3 : 1. In contrast, by selecting
70  2 C, both Cu6Sn5 and Cu3Sn formed during de-alloying,
consistent with Cu–Sn diffusion couple studies.35
As a result of the differences discussed above, Feng et al.
obtained nanoporous Cu–Cu6Sn5 (ref. 27) while this study
attained nanoporous Cu3Sn–Cu–Cu6Sn5. These two different
studies are complementary to each other and together they
show the signicances of precursor composition, electrolyte
type, and de-alloying temperature in the de-alloying process of
ternary AlCuSn alloys. Also noticed from the XRD results shown
in Fig. 2a and b is a small presence of the SnO phase in the
samples de-alloyed for 60–300 min. This can be attributed to
oxidation in the de-alloying solution. However, no SnO phase
was detected aer de-alloying for 300 min (Fig. 2b). The
consumption of Sn by oxidation could be one of the reasons
responsible for the lower Sn content in the nal product of
Cu3Sn–Cu–Cu6Sn5 than in the precursor alloy.
4.2 Re-alloying of Cu and Sn among de-alloying
The XRD results together with the ICDD information (Fig. 2)








































View Article Onlineduring de-alloying at 70  2 C from the early stages (60 min) of
de-alloying to the end (480min). This means that there has been
re-alloying that occurred between the Cu atoms released from
reactions (1) and (2) and the Sn atoms in the precursor. These
re-alloying processes may be described by eqn (3) and (4) below.
3Cu(s) + Sn(s)/ Cu3Sn(s) (3)
6Cu(s) + 5Sn(s)/ Cu6Sn5(s) (4)
It has long been established that at room temperature, Cu
atoms can diffuse fast (interstitially) into the lattice of Sn,
particularly along the c-axis direction in the lattice of Sn,34 and
then react with Sn to form Cu6Sn5.35,42,43 This occurs at room
temperature and from the formation of many other interme-
tallic compounds which typically occurs at a much higher
temperature. The free Cu atoms released by de-alloying
according to eqn (1) and (2) were expected to be chemically
reactive, as would also be the newly exposed Sn atoms in the
precursor alloy. In addition, the de-alloying or removal of the Al
atoms from the ternary precursor alloy Al67Cu18Sn15 naturally
le Cu and Sn atoms in contact. This enables the formation of
Cu6Sn5 and Cu3Sn during de-alloying at 70  2 C. The forma-
tion of Cu3Sn and Cu6Sn5 is based on the interactions between
Cu and Sn atoms, similar to the recent study of dealloying of
ternary Al–Au–M (M ¼ Ni, Co or NiCo) alloys by Zhang et al.,25
who discussed the importance of the interactions between Au
and other atoms. Our study supports Tu's observation35 that
“the ordered 3-phase (Cu3Sn) was found only in those speci-
mens that had been annealed above 60 C”, although no
experimental data were given by Tu. It has been found that there
was formation of just Cu6Sn5 during de-alloying of a ternary
Al10Cu3Sn alloy in a 20 wt% NaOH solution at 60 C.27
Table 2 lists the detailed literature data on intermetallic
formation in the Cu–Sn system under various conditionsTable 2 Intermetallic formation in the Cu–Sn system






Cu/Sn (de-alloying of Al10Cu3Sn) 60
Cu/Sn (de-alloying of Al67Cu18Sn15) 70  2




SnPb solder/Cu6Sn5/Cu3Sn/Cu 100, 125 and 150
Lead-free solder/Cu 100, 125, 150 and 170
Cu/Cu6Sn5 115–150
Lead-free solder/Cu 150
Sn–5Bi–3.5Ag solder/Cu 150, 170 and 200
Cu/Sn 200
SnPb solder/Cu 220
a Without experimental data. NA: not available.
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69 together with the experimental observations of this study.
Previous Cu–Sn diffusion couple studies have established that
Cu6Sn5 can form over a wide range of temperatures3,27,35,42–44,46,47
down to 2 C (Table 2) while Cu3Sn forms mainly at temper-
atures above 100 C.35,42–44,46,47 Dreyer et al.3 reported that Cu3Sn
nucleated at the temperature of 87 C in their Cu/Cu6Sn5 thin
lm diffusion couple study. It is clear from Table 2 that the
formation of Cu3Sn at 70  2 C observed in this study is the
lowest temperature reported to date for the intermetallic
formation of Cu3Sn with solid experimental data. This improves
the knowledge base of phase formation in the Cu–Sn system.
Experimental studies have further established that once
nucleated, the apparent activation energy (Ea) for the growth of
Cu3Sn (70.28 kJ mol
1), determined over the temperature
range of 120–200 C, is smaller than that for the growth of
Cu6Sn5 (84.3 kJ mol
1 determined over the temperature range
of 70–200 C).48 This implies that Cu3Sn tends to grow easier
than Cu6Sn5. The preponderance of Cu3Sn over Cu6Sn5 in the
de-alloyed product can be attributed to this reason.
Aer the disappearance of Sn, de-alloying of Al2Cu continued
to release free Cu atoms by reaction (2). However, because of the
absence of Sn, reactions (3) and (4) no longer occurred. The
Cu–Sn diffusion couple studies at temperatures above 100 C
have identied another reaction, described by reaction (5)
below,35,45,49 for the formation and continued growth of Cu3Sn






It is plausible that the same reaction may have also occurred
in the de-alloying process studied contributing to the prepon-
derance of Cu3Sn over Cu6Sn5 in the nal de-alloyed nano-
porous Cu3Sn–Cu–Cu6Sn5 structures. However, the noticeable
presence of both Cu and Cu6Sn5 detected by XRD aer 480 minDuration Intermetallic compounds Ref.
NA Cu6Sn5 42
15 days Cu6Sn5 42
One year Cu6Sn5 42 and 43
10 days Cu6Sn5 35
NA Cu6Sn5 and Cu3Sn 42
8 h Cu6Sn5 27
60 min Cu6Sn5 and Cu3Sn This study
30 days Cu6Sn5 44
NA Cu3Sn nucleation 3
36 h Cu6Sn5 and Cu3Sn 42 and 43
60 h Cu6Sn5 and Cu3Sn 42
80 days Cu6Sn5 and Cu3Sn 45
>50 h Cu6Sn5 and Cu3Sn 46
10 min Cu6Sn5 and Cu3Sn 35
NA Cu6Sn5 and Cu3Sn 47
30 days Cu6Sn5 and Cu3Sn 44
10 min Cu3Sn 35 and 43
3–4 min Cu6Sn5 and Cu3Sn 45








































View Article Onlinede-alloying suggests that reaction (5) may have only occurred to
a small extent by the end of the 480 min de-alloying process.
The two predominant reasons are: (i) reaction (5) is slow; it has
been found that a large amount of residual Cu6Sn5 and Cu still
remained aer even 80 days of annealing at 150 C,45 and (ii) the
de-alloying temperature (70  2 C) used is inadequate to
completely overcome the large energy barrier (95.5 kJ mol1,
determined over the temperature range of 115–150 C 35)
required for reaction (5) to occur. In fact, it is ideal to have a
noticeable presence of Cu in the as-dealloyed product as Cu
offers better thermal and electrical conductivities than both
Cu6Sn5 and Cu3Sn,35,42 in addition to the much needed ductility
to hold Cu6Sn5 and Cu3Sn together. In this regard, it is desired
that reaction (5) is slow.
5. Conclusions
A ternary Al67Cu18Sn15 alloy has been designed and de-alloyed
in a 5 wt% hydrochloric acid solution at 70 C. Unlike
de-alloying of binary alloys, de-alloying of the ternary
Al67Cu18Sn15 alloy was accompanied by a re-alloying process.
Together they have enabled the fabrication of a nanoporous
Cu3Sn–Cu–Cu6Sn5 composite with an average ligament width of
170 50 nm. The formation of Cu3Sn and Cu6Sn5 intermetallics
and the reaction between Cu6Sn5 and Cu during de-alloying at
70  2 C are discussed in detail in relation to the experimental
ndings obtained from the Cu–Sn diffusion couple studies.
This nding further proves the temperature sensitivity of phase
formation in the Cu–Sn system established from Cu–Sn diffu-
sion couple studies. De-alloying of multicomponent alloys
offers an effective approach to the fabrication of nanoporous
composite materials including the formation of new phases
through the accompanied re-alloying process.
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This paper reports on the electrochemical dealloying of a 
ternary Al67Cu18Sn15 (in at.% throughout the paper) alloy 
consisting of α-Al, Al2Cu and Sn using potentiodynamic and 
potentiostatic polarization measurements. When the applied 
potential (-0.5 V) was below the critical potential of the Al2Cu 
phase (-0.41 V), complete electrochemical dealloying of the 
binary Al75Cu25 alloy (consisting of α-Al and Al2Cu) occurred, 
leading to the formation of a nanoporous (52 ± 10 nm) copper 
(Cu) structure. However, under the same condition dealloying 
only occurred partially to the α-Al phase in the ternary 
Al67Cu18Sn15 alloy due to the suppressing influence of Sn. The 
electrochemical dealloying of the ternary Al67Cu18Sn15 alloy 
was potential dependent and involved the concurrence of 






Dealloying is a selective corrosion process, during which the less noble component 
leaves the precursor alloy and dissolves into the electrolyte, while the remaining 
nobler element diffuses and develops into a nano-sized and/or micro-sized porous 
structure (1). The resulting porous surfaces or porous bulk materials are of high 
specific surface area, holding promise for applications including energy storage, and 
catalyzing medium with high activity (2). Research on dealloying over the last decade 
has largely focused on dealloying of binary alloys (i.e. AB type) to produce 
nanoporous pure metal B, and to understand the dealloying process. There are only a 
few studies which dealt with dealloying of alloys containing a third element such as 
Mg90-xCuxY10 and Al66Au27.2X6.8 (X = Pt, Pd, PtPd, Ni, Co and NiCo) (in at.%) (3, 4). 
This minor third element, which substitutes the nobler element, was introduced to 
slow down the diffusivity of the nobler element. Accordingly, dealloying of these 
deceptively ternary alloys was essentially dealloying of binary alloys. Chemical 
dealloying of ternary alloys consisting of three distinctly different elements were 
reported only by Feng et al. and Song et al. (5, 6). Compared to the chemical 
dealloying of binary Al75Cu25 alloys, the chemical dealloying of Al67Cu18Sn15 alloys 
was accompanied by a realloying process due to the impact of Sn (6, 7). However, no 
detailed studies seem to be available on electrochemical dealloying of ternary alloys 
consisting of three distinctly different elements.  
 
10.1149/06640.0023ecst ©The Electrochemical Society
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     This paper studies the electrochemical dealloying of the Al67Cu18Sn15 alloy in a 1 
M NaCl solution at room temperature. We employed the same dealloying conditions 
(-0.2 V and -0.5 V) used for the Al75Cu25 alloy to dealloy the Al67Cu18Sn15 alloy, in 
order to investigate the influences of Sn on the electrochemical dealloying behavior 
(7). The differences between electrochemical and chemical dealloying of 
Al67Cu18Sn15 are discussed. In addition, it has been reported that in Cu-Sn diffusion 
couples only Cu6Sn5 can form at room temperature while both Cu6Sn5 and Cu3Sn 
intermetallics form at temperatures above 60 °C (8). This study also provides 








     The Al67Cu18Sn15 alloy was prepared from 99.99% purity Al, 99.99% purity Cu 
and 99.999% purity Sn using arc melting under argon. The alloy was remelted four 
times to ensure chemical homogeneity. The molten alloy from the fourth remelting 
was sucked into a water-cooled copper mould with a cavity of 8 mm in diameter and 
30 mm in length, by the pressure differential between the mould chamber and the 
melting chamber. Disc samples were cut from the rod, then ground and polished into 




     Electrochemical experiments, including potentiodynamic polarization and 
potentiostatic polarization, were performed in a standard three-electrode cell using an 
electrochemical workstation (Parstat 2273, Princeton). The Ag/AgCl electrode (in a 
saturated KCl solution) was the reference electrode. A platinum plate was the counter 
electrode. Samples made from the Al67Cu18Sn15 and as-cast Al2Cu alloys, 99.99% 
purity Al and 99.999% purity Sn were the working electrodes. The geometric area (Sg) 
of the sample immersed below the electrolyte/air interface was used as the actual 
surface area in the calculation of the electrochemical parameters such as current 
density and charge density. All measurements were made in solutions exposed to air 
at room temperature. The electrolyte was a 1 M NaCl aqueous solution prepared using 
analytical-grade reagents and distilled water. The scanning rates were 5 mV/s for the 
potentiodynamic polarization. The applied potentials for electrochemical dealloying 
of the Al67Cu18Sn15 alloy were determined according to the potentiodynamic 
polarization measurements and our previous work (7). The chronoamperometric 
(current response) curves were obtained during potentiostatic polarizations. All 
potentials quoted were on the Ag/AgCl scale unless otherwise stated. 
 
Phase and morphology characterization  
 
     The phase constitution and microstructure in typical samples before and after 
electrochemical dealloying were characterized using X-ray diffraction (XRD, Bruker 
D8 instrument, with Cu Kα radiation and a scanning rate of 1°/min) and scanning 
electron microscopy (SEM) in both the second electron (SE) imaging and 
backscattered electron (BSE) imaging modes (JEOL 7001, operated at 15 keV 
equipped with energy dispersive X-ray spectroscopy (EDX) made by INCA. 
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Results and Discussion 
 
Phase constitution of precursor 
 
      Figure 1(a) presents the XRD pattern and Figure 1(b) a typical SEM micrograph 
of the precursor Al67Cu18Sn15 alloy, which consisted of three phases: α-Al solid 
solution phase, Al2Cu intermetallic phase and β-Sn solid solution phase. The 
Al67Cu18Sn15 alloy solidifies in a sequence of pre-eutectic Al2Cu (grey contrast), 
lamellar eutectic α-Al and Al2Cu (lamellar dark contrast and grey contrast), and then 
Sn phase (bright contrast). The phase constitution indicated that the Al67Cu18Sn15 
alloy was essentially a mixture of Al67Cu18 alloy (= α-Al + Al2Cu) and Sn metal. The 
EDX results shown in Figure 1(c,d) confirmed the phase distribution in Figure 1(b), 
where area I is for Al2Cu and area II is for lamellar structure of α-Al and Al2Cu.  
 
 
Figure 1. (a) XRD pattern and (b) SEM BSE microstructure of the Al67Cu18Sn15 
precursor consisting of α-Al, Al2Cu and Sn; (c) and (d) EDX spectra of the Al2Cu (I) 
and the mixture of three phases (II) marked in (b), respectively. 
 
Electrochemical activities of Al67Cu18Sn15 alloy in NaCl solution 
 
      The electrochemical property of the Al67Cu18Sn15 alloy was determined using the 
potentiodynamic polarization (Tafel) approach shown in Figure 2(a). In addition, pure 
Al, pure Sn and as-cast Al2Cu samples were analyzed as references. The potential 
corresponding to the tip of the Tafel curve (at the intersection of the anodic and 
cathodic branches) was defined as the critical potential (Ecrit) (9). Figure 2(b) 
summarizes the critical potential (Ecrit) values determined for the Al67Cu18Sn15 alloy, 
pure Al, pure Sn and as-cast Al2Cu. The Al67Cu18Sn15 alloy exhibited a Ecrit value (-
0.82 V) which was more negative than that of pure Al (-0.66 V) (Figure 3(b)). This 
negative value offers more flexibility and wider processing window for the 
electrochemical dealloying. 
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Figure 2. (a) Polarization curves that define the Ecrit values for the Al67Cu18Sn15 
precursor (-0.82 V), pure Al (-0.66 V), pure Sn (-0.55 V) and as-cast Al2Cu (-0.41 V). 
(b) The Ecrit values for each material and the two applied potentials selected for 
electrochemical dealloying. 
 
Electrochemical dealloying  
 
      To compare the dealloying behavior of the Al67Cu18Sn15 alloy and Al75Cu25 (Ref. 
(7)) and to study the influence of the Sn phase, we selected electrochemical 
dealloying conditions similar to those used for Al75Cu25. One condition was to dealloy 
Al67Cu18Sn15 at -0.5 V, a potential above the critical values of both the Al67Cu18Sn15 
alloy and pure Al, but below that of the Al2Cu phase. The other was to dealloy at -0.2 
V, a potential above the critical values of the Al67Cu18Sn15 alloy, pure Al and the as-
cast Al2Cu. These selected applied potentials were above the critical value of Sn and 




Figure 3. (a) Phase distribution of the Al67Cu18Sn15 sample electrochemically 
dealloyed at -0.5 V with EDX information for resultant I and II phases (see Figure 
1(b)); (b) high-magnified SEM image of (a) showing preferential dealloying of α-Al.  
 
     Electrochemical dealloying at -0.5 V. The microstructure resulting from dealloying 
at -0.5 V is shown in Figure 3. The sample (Figure 3(a)) shows the same phase 
distribution as the precursor (see Figure 1(b)). Figure 3(b) shows the preferential 
dealloying of α-Al in the lamellar eutectic α-Al and Al2Cu, which can be described 
by Eq. [1]. There was no observable change in the morphology and the composition 
of the pre-eutectic Al2Cu (Figure 3(a)). The distribution of bright contract Sn did not 
change much compared with that of precursor (Figure 1(b)). There was some oxygen 
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in the area II which might be from passivation of Sn via the following equations [2, 3] 
(10): 
 
α-Al(Cu) → Al3+ + Cu + 3e-                                               [1] 
Sn + 2OH- → SnO + H2O + 2e-                                             [2] 
Sn(OH)2 + 2OH- → SnO2 + 2H2O + 2e-                                      [3] 
 
This was different from the dealloying of Al75Cu25 (α-Al and Al2Cu), where both 
dealloying of α-Al and Al2Cu occurred and nanoporous copper was created with an 
average ligament width of 52 ± 10 nm (7). Apparently, the presence of the Sn phase 
modified the phase constitution and electrochemical activities of Al67Cu18Sn15 
compared to Al75Cu25. Furthermore, it can be proposed that the presence of the Sn 
phase suppressed the dealloying of Al2Cu, and as a result, a fresh surface full of Cu 
atoms was unavailable for the realloying of Cu and Sn and unavailable for the 




Figure 4. (a) SEM BSE image of the sample electrochemically dealloyed at -0.2 V 
showing two types of morphologies; (b) EDX results showing similar composition for 
the two types of structure in (a); (c) nanoporous Cu with an average width of 29 ± 7 
nm and scallop-type Cu6Sn5 phase on the substrate of nanoporous Cu in I; (d) 
inhomogeneous and coarsened porous structure in II. 
 
     Electrochemical dealloying at -0.2 V. The microstructure resulting from dealloying 
at -0.2 V is shown in Figure 4. The applied potential (-0.2 V) was above the Ecrit 
values of α-Al and Al2Cu, and dealloying of both phases occurred leading to two 
types of porous structures (Figure 4(a,c,d)) with similar compositions (Figure 4(b)). 
The dealloying of pre-eutectic Al2Cu resulted in fine nanoporous structure with an 
average ligament width of 29 ± 7 nm on the surface (Figure 4(c)), while the 
dealloying of lamellar eutectic of α-Al and Al2Cu resulted in an inhomogeneous and 
coasened porous structure on the surface (Figure 4(d)). In addition, the Sn contents in 
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area I and area II were similar (27-28 wt.%) but were different from the precursor 
(Figure 1(b)). There were scallop-type structures, with an average width of 158 ± 30 
nm, on the substrate of Al2Cu and α-Al in Figure 4(a). The bright contrast in the SEM 
BSE image implies they were Sn-containing phases. It has been stated that only 
Cu6Sn5 can develop at room temperature in Cu/Sn diffusion couples (8). In addition, 
the Cu6Sn5 phase forming in either the solder joints (Sn-based solder/Cu interface) or 
Cu/Sn diffusion couples are uniquely featured by a scallop-type morphology (11, 8). 
The scallop-type morphology observed here may therefore be of a nano-sized Cu6Sn5 
phase. 
 
     The results of dealloying the Al67Cu18Sn15 alloy may be attributed to the following. 
(i) The applied potential of -0.2 V was able to realize the dealloying of α-Al and 
Al2Cu via Eq. [1] and [4], releasing fresh Cu phase in the same manner as during the 
dealloying of Al-Cu binary alloys. (ii) The dealloying potential of -0.2 V, being more 
positive than -0.5 V, improved the diffusion of Sn atoms from the Sn phase. (iii) The 
large diffusion coefficient of Cu into Sn at room temperature enabled the formation of 
the Cu6Sn5 phase (8). Once the fresh Cu atoms described by Eq.[1, 4] contact Sn 
atoms diffusing from the Sn phase, Cu atoms could diffuse interstitially into Sn to 
form the Cu6Sn5 phase via the Eq. [5]. 
 
Al2Cu → 2Al3+ + Cu + 6e-                                               [4] 
Cu + Sn → Cu6Sn5                                                     [5] 
 
     On the electrochemical dealloying of AlCu and AlCuSn. Figure 5(a) shows the 
current response curves of the Al67Cu18Sn15 alloy dealloyed at -0.2 V and -0.5 V, 
plotted on double logarithmic coordinates. The current response curves of the 
Al75Cu25 alloy from our previous work are also shown for comparison (7). At -0.5 V, 
it took ~60 seconds for the current density (= current I divided by Sg) to reach a steady 
state of 6.7 mA·cm-2. At -0.2 V, the current density reached a steady state (~ 55 
mA·cm-2) at the beginning (within 5 seconds) of the electrochemical dealloying. The 
current density at -0.5 V lower than that at -0.2 V was due to the dealloying of α-Al 




Figure 5. (a) Current responses of the Al67Cu18Sn15 alloy and the Al75Cu25 alloy 
during electrochemical dealloying; (b) charge density values when the current density 
decreased to 2.7 mA cm-2 at each applied potential. The data related to Al75Cu25 alloy 
is from Ref (7). 
 
     For each specimen, the charge density (σq) transferred through the working 
electrode was evaluated according to the following definition (12): 
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		                                                    [6] 
 
where J is the electrochemical dealloying current density, t is time and Sg (the 
geometric area of the sample immersed below the electrolyte/air interface) is the area 
under the electrochemical dealloying current density curves in Figure 5(a). Figure 
5(b) compares the charge densities when the current density decreased to 2.7 mA cm-2 
at each electrochemical dealloying treatment. Dealloying of the Al67Cu18Sn15 alloy at 
-0.5 V resulted in the smallest charge density, which was noticeably smaller than that 
achieved from dealloying of Al67Cu18Sn15 at -0.2 V or dealloying of Al75Cu25. The 
lowest charge density further confirms the dissolution of the smallest amount of Al 
from α-Al. In addition, the charge density from dealloying of Al67Cu18Sn15 was lower 
than that of Al75Cu25, which can be due to the incomplete dealloying of Al67Cu18Sn15 





     We studied the electrochemical dealloying of a ternary Al67Cu18Sn15 alloy, which 
consisted of three phases of α-Al, Al2Cu and Sn. The presence of the Sn phase 
suppressed the dealloying of Al-based phases in the Al67Cu18Sn15 alloy at the potential 
of -0.5 V, which is above the critical potential (Ecrit) of the α-Al but below that of the 
Al2Cu phase. This was different from the complete dealloying of Al2Cu observed in 
the dealloying of the binary Al75Cu25 at -0.5 V for the production of nanoporous Cu. 
At -0.2 V, two types of nanoporous structure resulted from the dealloying of Al2Cu 
and α-Al, respectively, in the ternary Al67Cu18Sn15. In addition, there was formation 
of scallop-type Cu6Sn5 on the as-dealloyed products at -0.2 V, indicative of the 
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Chapter 5 Creation of bimodal porous copper materials by an annealing-
electrochemical dealloying approach 
Nanoporous copper (Cu) as a current collector in lithium ion batteries (LIBs) can provide 
unique advantages in mass transport including easier diffusion of electron and lithium ions, 
higher electrode-electrolyte interfacial contact area and better accommodation of structural 
strain during lithiation-delithiation reactions (see Section 2.1.3.2 Nanoporous metal current 
collector or anode structures). 
 
This chapter chooses to use a two-phase Al75Cu25 alloy as the precursor for dealloying 
(Section 2.3.2.1 Binary alloys: Multi-phases) and employs an innovative approach based on 
the combination of annealing treatment and electrochemical dealloying to produce 
hierarchical porous Cu materials (Section 2.3.3.2 Temperatures: Pre-dealloying annealing 
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A B S T R A C T
Hierarchical (bimodal) porous copper (Cu) materials with micro- and nano-sized pores are desired for a
wide variety of important applications. This study proposes an annealing-electrochemical dealloying
approach for the creation of bulk bimodal porous Cu materials from an as-cast hypereutectic Al75Cu25
(at.%) precursor alloy, which consists of pre-eutectic CuAl2 and lamellar eutectic a-Al(Cu)-CuAl2.
Annealing of the precursor alloy plays a critical role in the subsequent electrochemical dealloying for the
creation of bimodal porous Cu. It decouples the lamellar eutectic structure and substantially increases the
size of the a-Al(Cu) phase which determines the size of the subsequently produced micropores. In
addition, it reduces the solubility of Cu in a-Al(Cu) and noticeably decreases the critical potential of the
Al75Cu25 alloy thereby enabling more flexible electrochemical dealloying. A variety of bimodal porous Cu
structures were produced using the proposed approach. The most homogeneous bimodal porous Cu
structure with the average ligament width of 52 nm was produced by electrochemical dealloying of the
annealed Al75Cu25 alloy at the applied potential of -0.5 V, which is above the critical potential of the a-Al
(Cu) but below that of the CuAl2 phase. The influence of annealing on the microstructure and the
subsequent electrochemical dealloying behaviours of the Al75Cu25 alloy was characterised and discussed
in detail.
ã 2015 Elsevier Ltd. All rights reserved.
Contents lists available at ScienceDirect
Electrochimica Acta
journal homepa ge: www.elsev ier .com/locate /e lectacta1. Introduction
Dealloying is a selective dissolution process which dissolves
one or more active components from a binary or multicomponent
alloy, leaving behind a material enriched in the nobler or less active
alloy component(s). The resulting nanoporous bulk materials or
nanoporous surfaces hold promise for applications including
energy storage [1–3], substrates against bacteria [4], catalyzing
medium with high activity [5,6], environmental detectors [7,8],
and heat-transfer with high efficiency [9]. To date, a variety of
precursor alloys have been dealloyed to produce nanoporous
metals (e.g. copper [3,9], silver [10], gold [7,11], platinum [12,13],
palladium [6]) or alloys [14] in the form of small ingots, foils,
ribbons, films and powder. However, the pore size distribution
(PSD) produced by a normal dealloying process is often limited to a
narrow- or single-sized range, for instance, 200 nm for nanoporous* Corresponding author at: RMIT University, School of Aerospace, Mechanical and
Manufacturing Engineering, Melbourne VIC 3001 Australia. Tel.: +61 3 9925 4491.
E-mail address: ma.qian@rmit.edu.au (M. Qian).
http://dx.doi.org/10.1016/j.electacta.2015.02.217
0013-4686/ã 2015 Elsevier Ltd. All rights reserved.
83 Cu [15], 225  53 nm for nanoporous Ag [10], and 13 nm for
nanoporous Au [7].
Unlike single-sized porous materials, a hierarchical (bimodal)
porous structure can impart enhanced or novel properties to the
porous materials. For example, large pores can favour increased
mass transport while fine pores can improve activity due to their
high specific surface area [16,17]. One such development was that
made by Tsubaki et al. [18], who showed that cobalt-deposited
hierarchical porous silica exhibited remarkably high activity as an
catalyst due to the high specific surface area from the fine pores in
addition to the improved diffusion efficiency because of the large
pores. Another development is that nanoporous gold (Au) with a
dual microscopic scale of porosity showed a charge-induced strain
response amplified by two orders of magnitude [16,17].
Hierarchical porous metals can be produced by different
approaches [19–21]. Zhang and co-workers [19,20] developed
nanoporous gold with bimodal channels by chemical dealloying
rapidly solidified Al-Au ribbons. The large-sized channels were
hundreds of nanometers wide in one case [19] and 25–50 nm wide
in another case [20] with the corresponding small-sized channels
being 10–20 nm wide [19] and 10–25 nm wide [20]. Dan et al. [21]
T. Song et al. / Electrochimica Acta 164 (2015) 288–296 289reported the fabrication of bimodal nanoporous Ni (with 150–
440 nm large-sized and 70–130 nm small sized ligaments) via
electrochemical dealloying of Ni-Mn alloys. In another develop-
ment, Renner et al. [22] observed bimodal nanoporosity on the
surface of the CuAu3 sample in the beginning of its dealloying
process. In neither case, the size difference is distinct enough. Ding
et al. [23] adopted a dealloying-plating-annealing-dealloying
approach and produced bimodal porous gold from Ag–Au
precursors with 1–2 mm large pores and 8 nm fine pores. This
approach, however, involved the use of long plating, expensive
chemicals and repeated high temperature annealing (500 C).
Dealloying has also been applied to rapidly solidified Al85Cu15 (at.%
throughout the paper) ribbons consisting of a-Al(Cu) and CuAl2
phases [24]. Bimodal porous Cu ribbons with micro- and nano-
sized pores were produced [24]. However, because of the low Cu
content in the Al85Cu15 precursor alloy and the use of ribbon forms
of Al85Cu15, the resulting bimodal porous Cu ribbons are fragile and
prone to fragmentation [25,26].
This paper aims to produce bimodal porous Cu with distinctly
different pore sizes and good mechanical integrity using a simple
process free of toxic chemicals. To achieve this, we propose an
annealing-dealloying approach and apply it to Al75Cu25 ingot
samples rather than foils or ribbons. The rest of the paper first
discusses the rationales for the precursor selection as well as
the proposed annealing-dealloying approach, followed by experi-
mental description and results. The bimodal porous structures and
their formation mechanism are discussed in Section 5. The last
section summarizes the major findings of this study.
2. The selection of the precursor alloy and the annealing-
dealloying approach
The rationales for the selection of the Al75Cu25 precursor alloy
are given below.
(i) The presence of 25 at.%Cu (equivalent to 44 wt.%Cu) in the
precursor can physically ensure the production of bulk nanoporous
Cu with good integrity after complete removal of the Al by
dealloying [25,27]. Such bulk nanoporous Cu materials can be used
as current collectors in batteries [3], substrates against bacteria [4],
heat transfer [9] and other applications due to their high specific
surface area and good mechanical integrity.
(ii) Another consideration is from the dealloying perspective.
Al75Cu25 solidifies as pre-eutectic CuAl2 and lamellar eutectic a-Al
(Cu)-CuAl2 [27]. Dealloying of such a two-phase precursor alloy
offers the possibility for the creation of a porous material with two-
length scale hierarchy, especially when the two phases show
different dealloying behaviors. The two-phase Al75Cu25 is a good fit
in this regard. For instance, dealloying of CuAl2 can result in
nanoporous Cu [24,28] while due to the limited solubility of Cu in
a-Al(Cu), it is expected that dealloying of a-Al(Cu) is equivalent to
removing Al atoms from the a-Al(Cu) phase until it leaves behind a
cavity of the same size of the a-Al(Cu) phase [24,29]. This offers a
chance of producing large pores with the same size and
distribution of the a-Al(Cu) phase.
The introduction of annealing and the section of electrochemi-
cal dealloying over chemical dealloying are based on the following
grounds. The uniform lamellar eutectic structure in the as-cast
Al75Cu25 alloy is undesired for the production of a bimodal porous
structure, in addition to the small size (500 nm thick) of the
lamellar eutectic a-Al(Cu) phase. Similar to the well-established
spheroidisation annealing treatment of lamellar pearlite (eutec-
toid) in carbon steel [30], it is expected that annealing of the as-
cast Al75Cu25 alloy can effectively decouple its lamellar eutectic
structure and increase the a-Al(Cu) phase size. Also, annealing can
reduce the solubility of Cu in the a-Al(Cu) phase and this favours
subsequent dealloying of the a-Al(Cu) phase. As regards the84 dealloying process, chemical dealloying is capable of realizing the
designed hierarchical porous structures. However, compared to
chemical dealloying, electrochemical dealloying can produce
much finer microstructural features (e.g. 4 nm of ligament size
or 2–5 nm pore size [6]) through control of the applied potential
than chemical alloying. Another contrast is that chemical deal-
loying is always performed in aggressive solutions, e.g. HNO3 [31],
HCl [10], NaOH [32] while electrochemical dealloying can be
realized in neutral salt solutions (e.g. NaCl [10,29], AgNO3 [33],
etc.), which are pollution-free, non-toxic, and inexpensive.
Electrochemical dealloying is thus preferred. In this study, we
selected a 1 M NaCl aqueous solution as the electrolyte, where the
existence of chloride ion (Cl) is able to prevent the passivation of
Al or Cu occurring in neutral solutions [34,35].
These considerations constitute the conceptual framework for
the annealing-and-electrochemical-dealloying approach to be
presented and discussed below.
3. Experimental Section
The selected precursor alloy Al75Cu25was prepared from 99.99%
purity Al and Cu using arc melting under a protective argon
atmosphere. Also prepared was an Al67Cu33 alloy, which is
equivalent to the CuAl2 phase. Each alloy was remelted four times
to ensure chemical homogeneity. Samples were made by sucking
the molten alloy into a copper mould with a cavity of K8 mm
 10 mm. Annealing of the as-cast Al75Cu25 ingot samples was
performed at 490 C for 24 h under argon (heated at 20 C/min to
temperature), followed by furnace cooling. The annealing temper-
ature was selected to be about 60 C below the eutectic
temperature of the alloy for pronounced coarsening of the a-Al
(Cu) phase. Disc samples were cut from the as-annealed rods, and
thinned into K8 mm  0.6 mm thick foils.
Electrochemical experiments, including potentiodynamic
polarization, cyclic voltammetry (CV) and potentiostatic polariza-
tion, were performed in a standard three-electrode cell using an
electrochemical workstation (Parstat 2273, Princeton). The Ag/
AgCl electrode (in a saturated KCl solution) was used as the
reference electrode, along with a platinum plate as the counter
electrode. Samples made from the as-annealed Al75Cu25 and as-
cast Al67Cu33 (i.e. CuAl2) alloys and 99.99% purity Al were used as
the working electrodes. In this study, the geometric area (Sg) of the
sample immersed below the electrolyte/air interface was used as
the actual surface area in the calculation of the electrochemical
parameters such as current density and charge density. All
measurements were performed in solutions exposed to air at
25  2 C. The electrolyte was a 1 M NaCl aqueous solution
prepared using analytical-grade reagents and distilled water.
The scanning rates were 5 mV/s for potentiodynamic polarization
and 50 mV/s for CV measurements. A total of 600 cycles of CV
curves were recorded for as-annealed Al75Cu25. The applied
potentials for electrochemical dealloying of the as-annealed
Al75Cu25 alloy were determined according to potentiodynamic
polarization measurement. The chronoamperometric (current
response) curves were obtained during potentiostatic polariza-
tions. All potentials quoted are on the Ag/AgCl scale unless
otherwise stated.
The phase constitution and microstructure in selected samples
before and after electrochemical dealloying were characterized
using scanning electron microscopy (SEM, JEOL 7001 equipped
with energy dispersive X-ray spectroscopy (EDX) made by INCA,
operated at 15 kV) and transmission electron microscopy (TEM,
JEOL 2100, operated at 200 kV). Samples for TEM analysis were
prepared by grinding specially dealloyed foils into powder,
followed by dispersing the powder in ethanol. Then a few drops
of the particles-containing ethanol solution were released on a
290 T. Song et al. / Electrochimica Acta 164 (2015) 288–2963 mm diameter carbon film placed on a copper grid support. After
drying in air for 20 min, the powder samples were ready for TEM
analysis.
4. Results
4.1. Phase constitution of the as-cast and as-annealed hypereutectic
Al75Cu25 alloy
Fig. 1(a) shows the positions of the selected Al75Cu25 and
Al67Cu33 alloys in the Al-Cu phase diagram. The Al67Cu33 alloy is
equivalent to CuAl2 in composition and Fig. 1(b) shows the XRD
spectrum obtained from the Al67Cu33 ingot sample, confirming
that it is essentially CuAl2. The Al75Cu25 alloy solidifies as pre-
eutectic CuAl2 and lamellar eutectic a-Al(Cu)-CuAl2, shown in
Fig. 1(c,d). After annealing at 490 C for 24 h, the lamellar eutectic
structure disappeared and evolved into a-Al(Cu) and CuAl2 (see
Fig. 2(a)). The annealed a-Al(Cu) contained 1.8 at.%Cu by EDX,
Fig. 2(b), consistent with the solubility of Cu in a-Al at 490 C
(1.6 at.%Cu, Fig. 1(a)). The annealed CuAl2 phase had a Cu:Al ratio
close to 1:2 by EDX (Fig. 2(c)). As expected, after annealing the Cu-
depleted a-Al(Cu) was much coarser than the original lamellar
eutectic a-Al(Cu). Both the increased a-Al(Cu) phase size and its
reduced solubility of Cu are in favour of the creation of a large sized
porous structure by subsequent dealloying.
4.2. Electrochemical activities of as-cast and as-annealed Al75Cu25
alloy in NaCl solutions
The electrochemical properties of the Al75Cu25 alloy in both the
as-cast and the as-annealed states were determined using the
potentiodynamic polarization (Tafel) approach shown in Fig. 3(a).Fig. 1. (a) Al-Cu phase diagram showing the phase constitution information of Al75Cu25
and 490 C. (b) XRD pattern of the as-cast Al67Cu33 alloy confirming that the alloy is comp
the microstructure of the as-cast Al75Cu25 consisting of pre-eutectic CuAl2 and eutecti
85 In addition, pure Al, pure Cu and as-cast CuAl2 samples were
analysed as a point of reference. The potential corresponding to the
tip of the Tafel curve (intersection point of anodic and cathodic
branches) was defined as the critical potential (Ecrit) [32,36].
Fig. 3(b) summarizes the critical potential (Ecrit) values determined
for the as-cast Al75Cu25, as-annealed Al75Cu25, pure Al, pure Cu and
as-cast CuAl2. The as-cast Al75Cu25 showed an Ecrit value between
the respective values of Al and CuAl2 while the as-annealed
Al75Cu25 exhibited a much lower Ecrit value which was even smaller
than that of pure Al (Fig. 3(b)). Annealing decreased the critical
potential value of the Al75Cu25 from 0.61 V to 0.77 V. This
noticeable decline offers more flexibility in electrochemical
dealloying and was an unexpected benefit of annealing. In
addition, an inflexion point was observed on the Tafel curves for
both the as-cast and as-annealed Al75Cu25 alloy at about -0.39 V,
close to the Ecrit value (-0.41 V) of the CuAl2 phase shown in
Fig. 3(a). This is important for the selection of applied potentials for
electrochemical dealloying in the following section as it affects the
dealloying behaviours.
4.3. Electrochemical dealloying and the resulting bimodal porous Cu
The as-annealed Al75Cu25 alloy was potentiostatically dealloyed
under two circumstances according to the Ecrit values shown in
Fig. 3(b) for each material. One was to dealloy it at potentials above
the critical values of the as-annealed Al75Cu25, pure Al and the
as-cast Al67Cu33 (i.e. CuAl2). The applied potential thus selected
were -0.1 V and -0.2 V. The other was to dealloy it at a potential
above the critical values of both the as-annealed Al75Cu25 and pure
Al, but below that of the CuAl2 phase. This resulted in the selected
potential of -0.5 V. These selected applied potentials are also
plotted into Fig. 3(b) for comparison.and Al67Cu33 alloys and the solubility of Cu in a-Al at both the eutectic temperature
osed of essentially the CuAl2 phase. (c) Back scattered electron (BSE) image showing
c a-Al(Cu)-CuAl2. (d) The lamellar eutectic a-Al(Cu)-CuAl2.
Fig. 2. (a) Microstructure of the annealed Al75Cu25 alloy consisting of the a-Al(Cu) and CuAl2 phases. The lamellar eutectic a-Al(Cu)-CuAl2 structure disappeared after
annealing. (b) and (c) are EDX spectra of the a-Al(Cu) and CuAl2 phases circled in (a), respectively.
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-0.2 V are shown in Fig. 4. Bimodal porous structures were
obtained at each applied potential. Large pores up to tens of
micrometres were produced (see Fig. 4(a,c)) while nanoporosity
was produced in the larger ligaments (see Fig. 4(b,d)). However,
there are still notable differences in the microstructure due to the
difference in driving force for dealloying (greater at -0.1 V). The
microstructure resulted from dealloying at -0.1 V is coarser
(average ligament width, 204  85 nm, Fig. 4(b)) than that resulted
from dealloying at -0.2 V (average ligament width, 196  48 nm,
Fig. 4(d)). In addition, it was found from comparing Fig. 4(c) with
Fig. 2(a) that the large pores produced from dealloying at -0.2 V
resemble the a-Al(Cu) phase in the as-annealed alloy (see Fig. 2(a))
in terms of their size, morphology and distribution. In contrast, the
large pores produced from dealloying at -0.1 V (Fig. 4(a)) are less
similar due to coarsening caused by the large driving force. Hence
dealloying at -0.2 V resulted in a more homogeneous microstruc-
ture than dealloying at -0.1 V. EDX analyses of the sample dealloyed
at -0.1 V detected no signals of Al but overwhelming signals of Cu
(see inset in Fig. 4(b)).
The microstructure resulted from dealloying at -0.5 V is shown
in Fig. 5. Although the applied potential (-0.5 V) was only above the
critical potential of pure Al (reference for a-Al(Cu)), dealloying of
both a-Al(Cu) and CuAl2 phases occurred leading to a bimodal
porous structure as shown in Fig. 5(a,b) with a much smaller
average ligament width (52  10 nm). EDX analyses (see inset in
Fig. 5(c)) showed the presence of 2 at.% (1 wt.%) of residual Al. TEMFig. 3. (a) Tafel curves that define the Ecrit values for as-cast Al75Cu25 (-0.61 V), as-anneal
(see Fig. 1(a)). (b) Distribution of the Ecrit values for each material and the three applie
86 selected area electron diffraction (SAED) patterns, shown in
Fig. 5(d), revealed that Cu was the only remaining phase, indicative
complete dealloying of both the a-Al(Cu) and CuAl2 phases. High
resolution TEM (HRTEM) observations also revealed the presence
of twinning structures in the Cu ligaments (Fig. 5(e,f)).
4.4. Cyclic voltammetry (CV) measurements
Fig. 6(a) shows the CV loop of the as-annealed Al75Cu25
between the applied potentials of -0.8 V, which is 0.03 V below the
Ecrit value of the as-annealed Al75Cu25, and -0.3 V, which is 0.110 V
above the Ecrit value of the CuAl2 phase. Also shown are the CV
loops of pure Al and the CuAl2 phase for comparison. The CV loop of
pure Al has a reverse scan density higher than the current density
during the forward scan (see dotted arrows in Fig. 6(a)). And there
was a crossover (marked by an open triangle) in the CV loop of
CuAl2 which separated the loop into two sections. In the higher
potential section, the current of the reverse scan was higher than
that of the forward scan (Al-type). In the lower potential section,
the observation was opposite (Fig. 6(a)).
Fig. 6(b,c) shows the CV loops of the annealed Al75Cu25 alloy up
to 600 cycles. In the initial 12 cycles (Fig. 6(b)), the CV curves are of
the Al-type. From then on, there was a crossover (marked by an
open triangle) similar to that of CuAl2 shown in Fig. 6(a). In the
600th cycle, the crossover disappeared and the current of the
reverse scan was lower than that of the forward scan, which is
typical of the CV loop for Cu [29]. The CV loops of the annealeded Al75Cu25 (-0.77 V), pure Al (-0.66 V), pure Cu (-0.20 V) and as-cast CuAl2 (-0.41 V)
d potentials selected for electrochemical dealloying.
Fig. 4. Bimodal porous structures of Cu electrochemically dealloyed at -0.1 V (a, b) with an EDX spectrum inset in (b) and -0.2 V (c, d). All the images are from second electron
(SE) imaging mode.
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finally to the Cu-type as the dealloying process went on.
4.5. Current and charge responses during electrochemical dealloying
Fig. 7(a) shows the current response curves of the annealed
Al75Cu25 alloy dealloyed at -0.1 V, -0.2 V and -0.5 V, plotted on
double logarithmic coordinates. At each applied potential, the
current density (current I divided by Sg) quickly reached a steady
state indicating dissolution of Al atoms into the solution. The
higher the applied potential, the higher the resulting current
density, and the higher the dissolution rate of Al. In addition,
reducing the applied potential from -0.1 V to -0.5 V led to an
extended steady state, which is preferred. The current response
curves showed two relatively steady stages when dealloyed at
-0.1 V and -0.2 V and each steady stage is indicative of continuous
and fast dissolution of Al atoms. In contrast, the current response
curve when dealloyed at -0.5 V exhibited only one single segment.
In each case the current density showed a sharp fall at the end of
the response. For each specimen, the charge density (sq)
transferred through the work electrode was evaluated according








where J is the electrochemical dealloying current density, t is time
and Sg (the geometric area of the sample immersed below the
electrolyte/air interface) is the area under respective electrochem-
ical dealloying current density curves shown in Fig. 7(a). The
curves of charge density vs. time are shown in Fig. 7(b). At each
applied potential of -0.1 V and -0.2 V, the charge density increased
sharply in the beginning, followed by a gradual increase, especially
at -0.1 V, while at -0.5 V the initial stage showed a fairly gentle
development. Fig. 7(c) compares the charge densities when the87 current density decreased to 2.7 mA cm2 at each applied
potential. Dealloying at -0.5 V resulted in the largest charge
density, which is noticeably higher than that achieved from
dealloying at either -0.1 V or -0.2 V. This is related to the surface
area used in the evaluation of the current density and will be
discussed in Section 5.3.
5. Discussion
5.1. The critical roles of annealing in the creation of bimodal porous
structures
The as-solidified hypereutectic Al75Cu25 alloy consists of only
two phases, pre-eutectic CuAl2 and lamellar eutectic CuAl2 and
a-Al(Cu). As pointed out earlier, dealloying of the CuAl2 phase can
lead to nanoporous Cu [28]. Hence to produce a hierarchical porous
Cu material with two distinctly different pore sizes from the
Al75Cu25 alloy, it depends on how to produce desired large pores
via dealloying of the eutectic lamellar a-Al(Cu) phase. The
rationales for the introduction of annealing prior to dealloying
have been specified previously. As shown in Fig. 2(a), after
annealing at 490 C for 24 h, the lamellar eutectic structure
disappeared and the a-Al(Cu) phase grew to about 5 mm in size.
The change is driven by the reduction in the interfacial free energy
of the lamellar a-Al(Cu)-CuAl2 eutectic and realised through the
fast diffusion of Cu in a-Al(Cu) [38]. In addition, annealing
decreased the solubility of Cu from 2.5 at.% at the eutectic
temperature to about 1.8 at.% at 490 C. The Cu-depleted coarse
a-Al(Cu) phase makes it easier for micro-sized pores to form via
excavation of the Al atoms by dealloying. In fact, as can be seen
from comparing Fig. 4(c) and Fig. 2(a), the size and distribution of
the large pores produced by electrochemical dealloying generally
inherited the size and distribution of the Cu-depleted coarse a-Al
Fig. 5. Bimodal nanoporous structure resulted from dealloying at -0.5 V: (a, b) SEM images; (c, e) Bright field (BF) TEM images confirming the nanoporous structure (an EDX
spectrum inset is shown in (c)); (d) TEM SAED results confirming the final crystal structure of Cu (the remaining phase after complete dealloying); and (f) HRTEM image from
(e) showing twins in Cu ligaments.
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pores can be effectively controlled via control of the size and
distribution of the a-Al(Cu) phase by annealing.
An unexpected advantage resulted from annealing the as-cast
alloy is that annealing noticeably decreased the Ecrit value of the
Al75Cu25. As a result, the Ecrit value of the annealed Al75Cu25 is even
clearly lower than that of pure Al (see Fig. 3(b)). This provides great
flexibility for the selection of the applied potential for electro-
chemical dealloying. This is important especially when a homoge-
nous bimodal porous structure with fine ligaments is desired (see
Fig. 5). We have shown that hierarchical porous structures can be
created by complete dealloying of the annealed Al75Cu25 alloy at
-0.1 V, -0.2 V and -0.5 V (see Figs. 4 and 5) and dealloying at -0.5 V
resulted in the most homogeneous microstructure.
In summary, the critical roles of annealing the as-cast Al75Cu25
precursor alloy prior to dealloying include (i) it decouples the
lamellar eutectic structure and substantially increases the a-Al
(Cu) phase size; (ii) it reduces the solubility of Cu in the a-Al(Cu)
phase; and (iii) it decreases the Ecrit value of the as-annealed
Al75Cu25 precursor alloy and enables the creation of a homogenous
bimodal porous structure with fine ligaments.88 5.2. The electrochemical dealloying behaviour in NaCl solutions
The results obtained from dealloying at -0.1 V, -0.2 V and -0.5 V
indicate that decreasing the applied potential decreases the
average ligament size leading to an increasingly homogeneous
porous structure. This is consistent with the study of Detsi et al.
[39] on electrochemical dealloying of Ag-Au. The twinning
structure observed in the Cu ligaments of the dealloyed sample
at -0.5 V is also consistent with the other work on electrochemical
dealloying and is due likely to the external potential applied [40].
The applied potential of -0.1 V is not only above the critical
values of the as-annealed Al75Cu25, pure Al and CuAl2, but also
above that of Cu (Fig. 3). Accordingly, during dealloying at -0.1 V,
apart from the dissolution of Al through Reaction (2) below, there
should also be the dissolution of Cu, which, as suggested by Ref.
[41], can occur through Reaction (3) below.
Al ! Al3+ + 3e (2)
Cu + 2Cl! CuCl2 + e (3)
Fig. 6. (a) Cyclic Voltammetry (CV) curves for pure Al, as-annealed Al75Cu25 and CuAl2. (b) and (c) show the evolution of the CV curves for as-annealed Al75Cu25 subjected to
600 cycles of CV measurements.
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rate of Cu during dealloying [42]. As a result, the process led to
inhomogeneous and coarse microstructures shown in Figs. 3 and 4.
According to Faraday’s law [37], the total charge passed during
corrosion corresponds to the amount of metal corroded. Reactions
of (2) and (3) are the prime dealloying reactions in the beginning.
Hence they contribute to the majority of the increased charge
density observed in the initial stage of dealloying leading to a sharp
increase on the charge density-time curve shown in Fig. 7(b).
At the applied potential of -0.2 V, which is close to the critical
potential of Cu (see Fig. 3), Reaction (3) occurs to a much lesser
extent than at -0.1 V. The small quick initial increase in charge
density in the beginning of electrochemical dealloying (see
Fig. 7(b)) can be attributed to the limited contribution of Reaction
(3). At the applied potential of -0.5 V, Reaction (3) no longer occurs
and the charge density-time curve displays a gentle and slow
development in the beginning of electrochemical dealloying
(Fig. 7(b)).
Although the potential applied (-0.5 V) was below the Ecrit value
of the CuAl2 phase in the precursor alloy, complete dealloying of
both the CuAl2 phase and the a-Al(Cu) occurred and a bimodal
porous structure was produced. This differs from other electro-
chemical dealloying studies of two-phase precursor alloys when
the applied potential is above the Ecrit value of one phase while
below that of the other phase [29,43,44]. In those cases, complete
dealloying of the more active phase occurs but the less active one is
often preserved [29,43,44]. The complete dealloying of the CuAl2
and a-Al(Cu) phases in the annealed Al75Cu25 alloy at -0.5 V may be
attributed to (i) Galvanic corrosion. The distinctly different Ecrit of
the Cu-depleted eutectic a-Al(Cu) and CuAl2 phases in the
annealed precursor alloy will naturally lead to the formation of
many micro-galvanic corrosion cells [29,45]. In these galvanic
corrosion cells, a-Al(Cu) would act as an anode while CuAl2 would
act as a cathode leading to a galvanic corrosion, which means the
galvanic corrosion can promote the entire dissolution of Al to a
certain extent. (ii) The self-acidifying effect of Al atoms in NaCl89 solutions. The Al3+ ions released from Reaction (2) in NaCl solution,
either due to electrochemical corrosion or galvanic corrosion, leads
to the enrichment of positive charges and, in turn, attraction to
anions for charge balance. The anions (OH from H2O and Cl) in
the electrolyte migrate to the Al3+ rich zone and react with them
through Reaction (4) leading to a lower pH value of the solution
[46]. The released H+ can accelerate the dealloying process of
Al75Cu25 chemically through Reaction (5) given below [47].
Al3+ + H2O + Cl! [Al(OH)Cl]+ + H+ (4)
2Al + 6H+ + 4Cl! 3H2 + 2AlCl2+ (5)
(iii) The promoting effect arising from dealloying the Al atoms
from the a-Al(Cu) phase. The dissolution of the Al atoms from the
a-Al(Cu) phase offers numerous penetration pathways for the
electrolyte to interact with the Al atoms in the neighbouring CuAl2
phase and therefore promotes dealloying of the CuAl2 phase at the
applied potential. Similar promoting effects were observed in
chemical dealloying of Al-Ag alloys [25,48].
Compared to dealloying at -0.1 V and -0.2 V, the transient stage
shown on the current response curve at the applied potential of
-0.5 V was delayed, indicating a longer initial interaction time with
the electrolyte for the Al atoms in the a-Al(Cu) and CuAl2 phases
and the formation of a porous network. However, a notable
advantage of using a low applied potential such as -0.5 V is that it
provides only a mild driving force for diffusion. Consequently, the
resulting microstructure is finer and more homogeneous without
undergoing significant coarsening. The proposed annealing-
electrochemical dealloying approach is expected to be applicable
to other alloy systems for the creation of bimodal porous metals.
5.3. Influence of surface area on the electrochemical dealloying
According to the discussion in 5.2, the total charge passed
during the electrochemical dealloying of the sample at -0.5 V was
Fig. 7. (a) Current responses of as-annealed Al75Cu25 alloy during electrochemical dealloying; (b) charge density vs. time curves derived from (a); and (c) charge density
values when the current density decreased to 2.7 mA cm2 at each applied potential.
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dealloying at -0.1 V or -0.2 V because of the lack of dissolution of Cu
at -0.5 V (Eq. (3)). So was the charge density. However, Fig. 7(c)
showed that the charge density passed during the electrochemical
dealloying at -0.5 V is the largest, compared to a much smaller
charge density at either -0.1 V or -0.2 V. This can be explained as
follows.
With the formation of nanoporous structure during dealloying,
the specific surface area (Ssp) of the sample can increase
appreciably [49]. In the evaluation of charge density based on
the definition of Eq. (1), we used the parameter of geometric area
(Sg), which is much smaller than the actual Ssp. Consequently, the
nominal final charge density calculated from QSg (Q: charge for the
dissolution of metallic atoms) can be much smaller than its actual
charge density, which should be calculated from QSsp. As shown in
Figs. 3 and 4, the microstructure resulted from dealloying at -0.5 V
is finer and more homogeneous than the microstructure obtained
from dealloying at either -0.1 V or -0.2 V. This implies that the
bimodal nanoporous Cu produced from dealloying at -0.5 V is
featured by an Ssp that is even larger than the Ssp for the bimodal
nanoporous Cu produced from dealloying at either -0.1 V or -0.2 V.
As a result, the actual charge density for electrochemical
dealloying at -0.5 V is the largest (Fig. 7(c)). To our knowledge
[10,29,34], there is yet to be any method for in-situ measurements
of Ssp during an electrochemical corrosion process.
6. Conclusions
 An annealing + electrochemical dealloying approach has been
proposed for the creation of bimodal porous Cu materials and the
approach has proved to be efficient and flexible in producing90 hierarchical porous Cu consisting of micro- and nano-sized (50–
200 nm) porous structures from an as-cast Al75Cu25 precursor
alloy.
 The critical roles of annealing the as-cast Al75Cu25 precursor alloy
in the proposed approach include (i) it decouples the lamellar
eutectic structure and substantially increases the a-Al(Cu) phase
size; both developments are essential for the production of the
desired large porous structure; (ii) it reduces the solubility of Cu
in the a-Al(Cu) phase and makes the subsequent dealloying of
the a-Al(Cu) phase easier; and (iii) it decreases the Ecrit value of
the as-annealed Al75Cu25 precursor alloy and allows flexible
selection of the applied potential for electrochemical dealloying,
which is important for the creation of a homogenous hierarchical
porous structure with fine ligaments (e.g. 52 nm).
 The most homogeneous bimodal porous Cu with the average
ligament width of 52 nm was produced by electrochemical
dealloying of the annealed Al75Cu25 alloy at the applied potential
of -0.5 V, which is above the critical potential (Ecrit) of the a-Al
(Cu) but below that of the CuAl2 phase. The complete dealloying
of the CuAl2 phase is attributed to the beneficial effect of the
dissolution of the Al atoms from the a-Al(Cu) phase, which offers
penetration pathways for the electrolyte to interact with the Al
atoms in the neighbouring CuAl2 phase and therefore promotes
dealloying of the CuAl2 phase even at a low applied potential.
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Chapter 6 Synchrotron-based understanding of the dealloying of Al-Cu 
and Al-Cu-Sn alloys 
Given the potential commercial importance of nanoporous Cu-based materials, it is necessary 
to understand the dealloying mechanisms of Al-Cu and Al-Cu-Sn alloys in terms of the phase 
transformation and/or crystal structure evolution involved. Relevant details have been absent 
in the context of dealloying because of the inadequate resolution of conventional X-ray 
diffraction (XRD) and the very similar powder diffraction peaks of the various phases 
involved in Al-Cu and Cu-Sn system (Section 2.4.2 Current understanding). 
  
This chapter employs high-resolution synchrotron XRD to analyse the detailed dealloying 
process of the selected Al-Cu and Al-Cu-Sn system investigated in this thesis. The purpose is 
to enhance the understanding of the dealloying behaviour based on the understanding derived 
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Nanoporous copper (Cu) structures have important potential applications. Dealloying of 
inexpensive dual-phase Al-Cu alloys offers a simple and flexible approach to the fabrication 
of affordable nanoporous Cu structures in various product forms. However, the pathways to 
the dealloying of these alloys and the mechanisms behind each dealloying pathway remain 
unclear. This hinders the design and fabrication of novel high-performance nanoporous Cu 
structures. Here we demonstrate, through quantitative in-situ and ex-situ high-resolution 
synchrotron X-ray diffraction studies, that, the dealloying of dual-phase (Al2Cu and AlCu) 
Al-Cu alloys occurs in sequence from Al2Cu to AlCu, which collectively results in a 
hierarchical nanoporous Cu structure. In addition, we show that the formation of the Cu phase 
undergoes an incubation stage and a subsequent two-stage kinetic process governed by 
different mechanisms. These findings provide a fundamental basis for the design and 
fabrication of novel nanoporous Cu or Cu-AlCu composite structures for various applications.   
 
Dealloying is the selective dissolution process of the less noble element/component out of an 
alloy, producing a nanoporous structure of the nobler element/component
1, 2, 3
. The process 
has received significant attention over the last 15 years as a novel approach to the fabrication 
of nanoporous metals. To date, a large number of precursor alloys, including Ag-Au












, Zn-X ( X = 
                                                          
1
 RMIT University, School of Engineering, Centre for Additive Manufacturing, Melbourne, VIC 3000, Australia. 
2
 South University of Science and Technology of China, Department of Materials Science and Engineering, 
Shenzhen, Guangdong 518055, China. 
3
 CSIRO Mineral Resources, Private Bag 10, Clayton South, VIC 3169, Australia.  
4
 CSIRO Manufacturing, Private Bag 10, Clayton South, VIC 3169, Australia. 
5
 Australian Synchrotron, 800 Blackburn Road, Clayton, VIC 3168, Australia. 










 have been dealloyed to produce nanoporous copper












. Owing to its notable 
technological importance, nanoporous Cu with its enormous specific surface area remains to 
be one of the most important nanoporous metals produced by dealloying and holds promise 
for a wide variety of important applications. For instance, they can be used as in industrial 
applications that deal with efficient heat conduction, mass transformation and easy 
accommodation of volumetric expansion. For instance, silicon particles (~4 µm) deposited 
and sealed on a nanoporous Cu current collector in lithium ion batteries (LIBs) showed better 




Nanoporous Cu can be dealloyed from single-phase solid solution Mn-Cu
13
 alloys, the single-
phase intermetallic Al2Cu alloy
19, 20







alloys. In general, dealloying of single-phase solid solution alloys can be regarded as a simple 
dissolution and diffusion process
21
 where there is no change in lattice structure before and 
after dealloying and the lattice parameters are often similar
22
. However, dealloying of dual-
phase X-Cu (X = Al, Mg, Zn) alloys and the single-phase intermetallic Al2Cu alloy deal with 
crystal structural changes. Of these precursor alloys, dual-phase precursor alloys are most 
attractive for the following reasons: (1) Dealloying of such a dual-phase precursor alloy 
offers the possibility for the creation of a porous material with two- length scale hierarchy, 
especially when the two phases show different dealloying behaviors. Song et al.
23
 fabricated 
hierarchical porous Cu consisting of micro- and nano-sized (50-200 nm) porous structures 
from dual-phase Al75Cu25 precursor alloy consisting of -Al(Cu) and Al2Cu. Zhang et al. 
developed nanoporous gold with bimodal channels (large-size: 25-50 nm; small-size: 10-25 
nm) by dealloying of dual-phase Al60Au40 consisting of AlAu and Al2Au. (2) Dealloying of 




bulk composites. Wang et al.
24
 developed nanoporous Ag-bulk AlAg2 from dealloying of Al-
Ag alloys consisting of -Al(Ag) and AlAg2. As a result, dealloying of dual-phase precursor 
alloys advances the designable dealloying approach offering more advanced functional 
materials.  
 
However, the identification and understanding of the dealloying pathways and kinetics of 
such dual-phase alloys remain unclear. Zhang et al.
12, 25
 studied the dealloying process of 
dual-phase Al-Cu and Mg-Cu alloys and suggested that dealloying of the AlCu phase 
occurred before the dealloying of Al2Cu based on indirect evidence obtained from 
electrochemical measurements (e.g. cyclic voltammetry, potentiostat polarization)
25
. In 
contrast, Liu et al.
26
 reported synergetic dealloying of Al2Cu and AlCu in a 5 wt.% HCl 
solution based on laboratory X-ray diffraction (XRD) studies and attributed the reasons to the 
similar electrochemical potentials of Al2Cu (-374.59 mV) and AlCu (-345.90 mV) in HCl 
solutions. However, it should be pointed out that Al2Cu, AlCu and Cu have overlapping 
laboratory XRD peaks (see ~20° 2θ in Fig. 1a) and characterisation of the dealloying process 
of dual-phase Al-Cu alloys based on laboratory XRD data can be problematic. To address 
that challenge for the clarification of dealloying pathways, high-resolution synchrotron 
XRD
27, 28
 is a powerful tool.  
 
In addition, understanding the kinetic process that dictates the rate of dealloying is also 
essential to control the dealloying process in terms of both pattern formation and ligament 
coarsening
29, 30, 31
. Few studies have investigated the fundamental aspects of the kinetics 
especially for dealloying of precursor alloys consisting of intermetallics, mainly due to the 
lack of appropriate characterization techniques. In-situ synchrotron XRD is a powerful tool in 




statistical investigation into the kinetic process. Renner et al.
8, 9, 10
 have reported in-situ 
synchrotron surface-sensitive XRD studies providing crucial information on the initial stages 
of the dealloying of Cu-Au but did not address the phase formation kinetics among the long-
term dealloying. We employ both in-situ and ex-situ synchrotron XRD in this study to clarify 
the dealloying mechanisms and phase transformation kinetics. 
 
In this study, we aim to clarify the dealloying mechanisms of dual-phase Al65Cu35 and 
Al55Cu45 precursor alloys which consist of Al2Cu and AlCu
32
 through quantitative in-situ 
and ex-situ synchrotron XRD experiments. The two alloys selected are easy to cast and their 
high Cu content (55 wt.% and 66 wt.%) can ensure the production of bulk nanoporous Cu 
structures with expected good mechanical integrity for practical applications. We conclude 
from the quantitative in-situ and ex-situ synchrotron XRD results that the dealloying of 
Al2Cu and AlCu phases in each alloy occurs in a clear sequence and the sequential dealloying 
process eventually results in a hierarchical nanoporous Cu structure. We argue for that the 
crystal structure transition is an integral part of the sequential dealloying process. We further 
propose that the identification of the sequential dealloying process offers a new approach to 
the design of hierarchical nanoporous Cu structures or Cu-AlCu composite structures. In 
addition, based on the in-situ dataset, we present evidence to reveal an incubation + two-stage 
formation kinetic for the development of Cu phase by dealloying. These quantitative in-situ 
and ex-situ synchrotron XRD results provide new insights into dealloying of dual-phase 
alloys for either design of novel precursor alloys or control of the dealloying process. In 
addition, it enriches the current knowledge base of the pathways of dealloying from 







Creation of hierarchical nanoporous Cu. Fig. 1a shows the laboratory XRD pattern of the 
as-cast Al65Cu35 alloy consisting of Al2Cu and AlCu phases. The corresponding 
microstructure confirmed the dual-phase Al2Cu-AlCu intermetallic structure (Fig. 1b). After 
dealloying in a 10 vol.% HCl solution at 70 ± 2 °C for 120 min, most of the diffraction peaks 
for Al2Cu and AlCu disappeared with the predominant phase becoming the Cu phase (Fig. 
1a). A hierarchical nanoporous microstructure, shown in Fig. 1c, resulted from the dealloying 
process. The hierarchical nanoporous structure is characterized by two types of ligaments, 
those dealloyed from the AlCu phase, which is 116 ± 20 nm wide (Fig. 1c), and those 
dealloyed from the Al2Cu phase, which is 50 ± 7 nm wide (Fig. 1d). 
 
Sequential dealloying of Al2Cu and AlCu. We employed synchrotron XRD to investigate 
the in-situ phase evolution during the creation of hierarchical nanoporous Cu from dealloying 
of the Al65Cu35 alloy consisting of Al2Cu and AlCu phases in the dilute HCl solution. The 
experimental set-up is shown in Fig. 2a. The mounted as-cast Al65Cu35 plate sample was 
placed in the cavity located on the top of the cell body and the diffraction data was collected 
while the preheated HCl solution was recirculated through the cell. As the as-cast plate 
sample has preferred grain orientation and large grain size effects, only a few diffraction 
peaks with high intensity can be observed21. We rocked the sample stage  2° about its axis 
during the in-situ measurement to increase the number of illuminated grains to improve the 
data quality. The detailed experimental procedure can be found as Supplementary Methods 1 
and Supplementary Movie 1. Synchrotron XRD dataset, obtained in situ as a function of 
dealloying time, of the as-cast Al65Cu35 alloy, is shown in Fig. 2b. Rocking the sample stage 
caused fluctuations in intensity of, for example, the Al2Cu peak at ~10°2, observed in Fig. 




Al2Cu phase decreased (the Al2Cu (112) and (312) peaks were indicated by arrows) and one 
diffraction peak for Cu emerged after ~14 min of dealloying, while the diffraction peaks for 
AlCu showed only minor variations among the in-situ dealloying measurements. Our in-situ 
data provided solid experimental data that there is no concurrent formation of synchrotron 
detectable Cu phase when the dissolution of Al occurred. We described the dealloying period 
before the emergence of the first Cu diffraction peak as incubation stage and the dealloying 
time for the first detection of Cu as incubation time (t0). In addition, among the in-situ 
dealloying process, no intermediate phase was detected. As plate sample for in-situ 
experiments is not an ideal powder sample for powder diffraction, the in-situ data might be 
not of sufficient quality for quantitative analysis. This in-situ synchrotron XRD dataset 
suggests that dealloying of the Al2Cu and AlCu phases appears to have occurred in sequence.  
 
To quantitatively clarify the dealloying behavior of Al2Cu and AlCu, Al65Cu35 powder 
samples, before and after different durations of dealloying in HCl solutions, were loaded into 
capillaries (0.3 mm in diameter) for ex-situ synchrotron XRD measurements. Fig. 3a shows 
the synchrotron XRD results (18°-23.5°, X-ray wavelength = 0.6891 Å) obtained from each 
sample. The intensity of all four synchrotron XRD peaks for the Al2Cu phase decreased as 
dealloying went on and diffraction peak for Cu emerged after 20 min. In contrast, the 
intensity of the diffraction peaks for the AlCu phase remained almost unchanged. Using the 
Rietveld method
33
 (see Fig. 3b, Supplementary Figs. 1-3a), the phase concentration at 
different stages of the dealloying process was estimated. However, it should be pointed out 
that an unidentified phase was detected in analyzing the ex-situ synchrotron data (Fig. 3c). As 
no intermediate phase was detected from the in-situ measurements, this unidentified phase 




peaks might affect the final fitting and increase the weight percentage R (Rwp) value. Such 




The Cu content, as a proportion of the total Cu available, in each of the Al2Cu, AlCu, and the 
newly formed Cu phase were determined as a function of dealloying time using the 
quantitative information obtained from the Rietveld analysis of the ex-situ synchrotron XRD 
data (Table 1). The results are plotted in Fig. 3d. After 40 minutes of dealloying, the content 
of Cu in the Al2Cu phase declined, accompanied by an increase in the newly formed Cu 
phase, while the Cu content in the AlCu phase showed only small fluctuations with no clear 
trend, consistent with in-situ synchrotron XRD data.   
 
The SEM and EDX results of the Al65Cu35 powder sample after 40 minutes of dealloying 
are shown in Fig. 3e and f. Compared to the microstructure of the precursor alloy (Fig. 1a), 
the Al2Cu phase has been dealloyed into a nanoporous microstructure while the AlCu phase 
only exhibited some surface roughening. No Al was detected in the dealloyed Al2Cu phase by 
the EDX analysis, indicative of complete dealloying of this region after 40 min. By 
comparison, the atomic ratio of Cu : Al in the AlCu phase after 40 minutes of dealloying was 
found to be 56 : 44, close to its  original 1 : 1 ratio prior to dealloying. It is clear that 
dealloying of Al2Cu and AlCu in the as-cast Al65Cu35 alloy occurred in distinct sequence 
and that the hierarchical nanoporous Cu structure, shown in Fig. 1c, is a result of this 
sequential dealloying behavior. 
 
To further demonstrate the sequential dealloying process of Al2Cu and AlCu identified during 
dealloying of Al65Cu35, the dealloying of another Al2Cu-AlCu dual-phase Al-Cu alloy, 
Al55Cu45, which contains more AlCu than Al65Cu35 alloy
32




and ex-situ synchrotron XRD. Fig. 4a shows the in-situ synchrotron XRD results of the as-
cast Al55Cu45 plate sample while the ex-situ synchrotron dealloying results are shown in Fig. 
4b, obtained from ex-situ dealloying measurements of Al55Cu45 powder samples from 10 
min to 60 min. Fig. 4c shows the changes of the Cu content in each of the Al2Cu, AlCu 
phases and the newly formed Cu phase obtained from the ex-situ synchrotron XRD (see 
Supplementary Figs. 4-8a and Table 2). The observations are all similar to those shown in Fig. 
3. The major difference noticed was the incubation time for the emergence of the four 
diffraction peaks for Cu (960 s) compared to 840s for the dealloying of the Al65Cu35 alloy.   
 
Discussion 
The in-situ and ex-situ synchrotron XRD studies, presented above, identified the sequential 
dealloying mode of Al2Cu and AlCu phases in dual-phase Al65Cu35 and Al55Cu45 alloys. 
This was not expected as the electrochemical activities or corrosion potential values of Al2Cu 
(-374.59 mV) and AlCu (-345.90 mV) are similar in the HCl solutions
26
. Hence, in principle, 
dealloying of these two phases in as-cast Al65Cu35 and Al55Cu45 alloys is expected to 
occur simultaneously, rather than in a sequence. In this regard, we propose that the crystal 
structure including the interatomic bonding has played a more decisive role in dictating the 
selective dissolution of Al from Al2Cu and AlCu. Al2Cu has a tetragonal (I4/mcm) structure 
(see Fig. 5) in which 6 Al atoms and 4 Cu atoms surround each Al atom
32
 while AlCu has a 
monoclinic (C2/m) structure in which 6 Al atoms and 8 Cu atoms surround each Al atom
32
. 
Complete dealloying of AlCu thus needs to break up four extra Al-Cu binding pairs 
compared to that of Al2Cu.  The binding energy of the Al-Cu pair (-2.2 eV) is nearly 1.6 
times of the Al-Al pair (-1.4 eV)
35
. In other words, it is much more difficult to dealloy Al 
from an Al-Cu binding pair than from an Al-Al binding pair or the former is the controlling 




reason can be attributed to the transition of crystal structure at the end of dealloying. By the 
time when most Al atoms are removed or dealloyed from each AlxCuy phase, it is reasonable 
to expect that the residual Cu atoms may instantly inherit the crystal structure of their parent 
phase. For Al2Cu, it is tetragonal while for AlCu it is monoclinic (see Fig. 5). The subsequent 
transition from a tetragonal lattice to an fcc lattice (Cu) requires only limited shrinkage of the 
tetragonal lattice. However, the transition from a monoclinic lattice to an fcc lattice requires 
not only shrinkage of the lattice but also a significant distortion of the lattice as illustrated in 
Fig. 5. The sequential dealloying of Al2Cu and AlCu phases can be ascribed to these two 
fundamental differences. Unlike a solid solution phase, intermetallic phases typically show 
different crystalline facets
36
. Similar to sequential dealloying,  the surface roughening 
observed during the early stages of dealloying of the AlCu phase (Fig. 3e) can be regarded as 
another type of sequential dealloying where different crystalline facets of the same 
intermetallic phase display different dissolution rates, like the AlCu (111) peak marked in Fig. 
4a (in-situ synchrotron XRD data). Similar anisotropic dissolution behavior has been reported 






The solubility of Al in Cu is up to 19.4 at.%
32
. During dealloying, intermediate -Cu(Al) 
phases are thus expected to form. However, this potential development has been overlooked 
in previous studies due in part to the lack of perception of this development and in part to the 
insufficient resolution of laboratory XRD. In this research, the refined lattice parameter (a) 
values for the newly formed Cu phase were determined to be in the range of 3.617 Å (30min-
dealloyed sample) to 3.621 Å (10min-dealloyed sample) based on the ex-situ synchrotron 
XRD data (see Tables 1-2). This confirms that -Cu(Al) has clearly formed during the 
dealloying process and its Al content decreased from 2.0 at.%Al to 0.74 at.%Al with 




rate of dealloying Al from -Cu(Al). The clarification of the formation of -Cu(Al) is 
important to ensure proper use of the as-dealloyed nanoporous Cu as current collectors 
because the presence of Al in Cu can cause severe safety issues
39
. In that regard, it is 
necessary to realize complete dealloying of Al from -Cu(Al). As the Al content decreases, 
the dealloying rate is expected to decrease because Al enhances the intrinsic self-diffusion of 
Cu
40
, which can expose Al atoms to the HCl solution to facilitate the dealloying process. 
Complete dealloying can thus be sluggish.  
 
The formation of crystalline Cu showed an incubation period of ~960 seconds during the in-
situ dealloying of each Al-Cu alloy. We employed the atomic-scale observation of the initial 
stages of dealloying of Cu3Au
8, 9, 10, 41
 to illustrate the incubation stage here. Among the 
incubation period, the dissolution of Al atoms commenced with the concurrent two-
dimensional (2D) process of enrichment and clustering of Cu atoms. And such process 
occurred within an ultrathin layer (several monolayers) on the surface of the sample so that 
no Cu phase was synchrotron detectable. After the incubation stage, we calculated the area of 
the Cu(111) peak in the in-situ synchrotron XRD spectrum and plotted it as a function of 
dealloying time for both Al65Cu35 (Fig. 6a) and Al55Cu45 (Fig. 6b). The fluctuations 
originated from the operations of rocking the sample stage  2° around its axis during in-situ 
synchrotron XRD experiments. In both cases, the increase in the area of the Cu(111) peak 
showed two different stages, suggesting two potentially different kinetic processes. To gain 
new insight into each potential process, the data in Fig. 6a and b were fitted to the Avrami-
Erofe’ev equation42: 
         ( (    )
 )                                           (1) 
or 




where  is the amount of material transformed, t is the reaction time, t0 is the incubation time, 
k is the rate constant, and n is a parameter that describes how the transformation propagates 
through the material
42
. Fig. 6c,d shows the plots of   (   (   )) versus    (    ) for 
dealloying of Al65Cu35 and Al55Cu45.  Two distinctly different stages of dealloying were 
revealed for each alloy and the corresponding values of n were obtained from the lines of best 
fit, which resulted in 0.38 and 1.13 for dealloying of Al65Cu35 (see Fig. 6c) and 0.36 and 
1.96 for dealloying of Al55Cu45 (see Fig. 6d).  It has been proposed that a process 
characterised by n < 1 proceeds by a diffusion-controlled mechanism while a process with 1 
< n < 2 is dictated by a nucleation-and-growth-controlled mechanism
54
. These mechanims 
can reasonally explain the formation of Cu from dealloying process of each alloy, where the 
first satge, featured by n < 1 (n = 0.36 or 0.38), referes to the transformation from ultrathin 
Cu enrichment or clusters in the incubation stage to thicker Cu islands with nanoporous 
structure by diffusion, and the second stage, featured by 1 < n < 2 (n = 1.13  or 1.96), occurs 
via nucleation of nanoporous Cu on thicker Cu islands, followed by growth.   
 
Diffusion of the nobler element in the alloy plays a decisive role in the creation of the final 
nanoporous structure by dealloying
2, 29, 43, 44
, including crystalline defects. For instance, 
diffusion-induced twinning due to diffusion of the nobler atoms
45, 46
 has been reported 




. The twinning defects can 
contribute to the overall stability of the structure and have exhibited favorable effects either 
in mechanical properties
45
 or in catalytic performances
48
. In this research, we have found that 
the Cu ligaments are full of diffusion-induced twins in the as-dealloyed state. Fig. 7a, b 
shows one such example. Fine crystallite size, lattice deformations (inhomogeneous strain) 
and planar lattice defects can broaden diffraction peaks while twin faults can significantly 
contribute to the X-ray line broadening of certain peaks more than others
49




Rietveld refinement analysis to the synchrotron XRD data, we found that the analysis resulted 
in no good fitting unless we took into account the anisotropic broadening issue of the Cu (002) 
diffraction peak (see Fig. 7c, Supplementary Figs. 3b, 6-8c). This indicates that the existence 
of massive twins in the Cu ligaments caused by the diffusion of Cu has contributed to the 
anisotropic broadening phenomena observed. 
 
To conclude, using in-situ and ex-situ synchrotron X-ray diffraction experiments in 
conjunction with the Rietveld refinement analysis, we have identified the sequential 
dealloying behavior of Al2Cu and AlCu phases in HCl solutions. These two intermetallic 
phases have overlapping diffraction peaks beyond the resolution of laboratory XRD 
measurements and similar corrosion potential values in HCl solutions. We proposed that the 
difference in the proportion of the Al-Cu bonding in the Al2Cu and AlCu phases, which has 
much higher binding energy than the Al-Al bonding, and the difference in the potential 
transition of each crystal structure to fcc Cu, played a decisive role rather than the corrosion 
potential of each phase. The sequential dealloying process resulted in the formation of 
hierarchical nanoporous Cu structures. In addition, we demonstrated the incubation + two-
stage formation process for the development of Cu phase from dealloying of Al-Cu by 
analyzing the in-situ synchrotron X-ray diffraction data. The formation of synchrotron 
detectable Cu phase did not concur with the dissolution of Al but emerged after an incubation 
stage. And the Cu phase from dealloying of Al-Cu was developed firstly diffusion-controlled 
and then nucleation-growth controlled, both revealing the fundamental role of the diffusion of 
Cu atoms. The identification of the sequential dealloying in conjunction with the phase 
formation kinetics from the new experimental findings extends the perspective on dealloying 




Cu or Cu-AlCu composite structures via the design of the precursor alloys and control of 
each dealloying step. 
 
Methods 
Sample preparation. Ingot samples of Al65Cu35 and Al55Cu45 (at.%) alloys were prepared 
by arc melting of 99.99 wt.% Al and 99.99 wt.% Cu in a Ti-gettered argon atmosphere. Each 
ingot (~30 grams) was remelted four times to ensure homogeneity. Samples with 
approximate dimensions of 10 mm × 10 mm×3 mm were cut from the ingot, ground and 
polished to about 1 mm thick disks. Dealloying of the disk samples was carried out at 70 ± 2 
°C in a 200 ml of 10 vol.% HCl aqueous solution on a hot plate and the temperature was 
monitored using a mercurial thermometer. The dealloyed sample was removed from the acid 
solution, rinsed in distilled water and dehydrated with alcohol.  
 
Laboratory characterization. The phase constitution of each sample before and after 
dealloying was characterized using laboratory X-ray diffraction (XRD, CPS120 by INEL, 
with a position-sensitive detector covering 120° in 2, Mo K radiation, with a collection 
time of 60 s). The microstructures were examined using scanning electron microscopy (SEM) 
(FEI Nova NanoSEM, operated at 15 keV equipped with energy dispersive X-ray 
spectroscopy (EDX) made by Oxford Instrument) and transmission electron microscopy 
(TEM, JEOL 2100, operated at 200 kV). To evaluate the Cu ligament size in as-dealloyed 
Al2Cu and AlCu, a total of 100 Cu ligaments were analyzed from SEM images taken from 
each dealloyed sample using Image-Pro Plus software. 
 
Synchrotron X-ray diffraction measurements. The in-situ synchrotron X-ray diffraction 




wavelength of 0.7745 Å at the Australian Synchrotron. Samples cut from the ingot were 
mounted, ground and polished to 4.9-5.0 mm thick disks, which were then placed in the 
cavity located on the top of the cell in the synchrotron. A detailed description of the cell can 
be found from Ref.
50
. XRD data were collected continuously throughout each dealloying 
experiment with individual data sets collected at every 1 min at each of the two detector 
positions P1 and P2 (the Mythen-II microstrip detector
51
 contains 0.2° gaps every 5° 2; data 
were collected at two detector positions 0.5° apart in order to cover the entire 2 range). The 
data were collected in asymmetric diffraction geometry with cell rocking. The experimental 
set-up is shown in Fig. 2a and the detailed in-situ SXRD experimental procedure can be 
found from Supplementary Methods 1 and Supplementary Movie 1. 
 
The ex-situ SXRD measurements were performed using the same beamline at the wavelength 
of 0.6891 Å at Australian Synchrotron. Powder samples (< 74 µm) of each alloy were 
crushed from the ingot and dealloyed at 90 ± 2 °C in the 5 wt.% HCl solution for different 
durations. The powder samples were loaded into borosilicate capillaries (0.3 mm in diameter) 
for characterization by SXRD both before and after each dealloying experiment. SXRD data 
were collected from each sample in Debye-Scherrer geometry using the Mythen-II microstrip 
detector
51
 in the 2 range of 4-84°. Individual data sets were collected for 5 min at each of the 
two detector positions P1 and P2.  
 
For visualization of the phase evolution process during dealloying, individual data sets 
collected from the P1 and P2 detector positions were merged using PDVIPER software 
(Powder Diffraction Beamline, Australian Synchrotron) to remove the detector gaps. The 
merged data sets were used for the Rietveld refinement analysis
33
. The Rietveld refinement 
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Figure 1 Creation of hierarchical nanoporous Cu from dealloying of two-phase 
Al65Cu35. (a) Laboratory XRD patterns of the Al65Cu35 alloy before and after 120 min 
dealloying in a 10 vol.% HCl solution. The tick marks indicate the position and intensity of 
Bragg peaks of Al2Cu (PDF#65-2695), AlCu (PDF#65-1228) and Cu (PDF#04-0836) phases. 
(b) Backscattered electron (BSE) image of the microstructure of the as-cast Al65Cu35 
precursor alloy consisting of primary AlCu and Al2Cu matrix. (c) Hierarchical nanoporous 
structures of Cu from dealloying of AlCu (surrounded by dash lines) and Al2Cu phases in 
Al65Cu35 alloy respectively. (d) High magnification SEM image of the nanoporous structure 






Figure 2 Experimental set-up for synchrotron in-situ dealloying and time-resolved 
sequential evolution of Al2Cu and AlCu in Al65Cu35. (a) The synchrotron data is 
collected continuously while the heated electrolyte solution is re-circulated through the 
mounted alloy sample in the cell. (b) In-situ phase evolution for the dealloying of the 
Al65Cu35 alloy, which consists of Al2Cu and AlCu, in a 5 wt.% HCl solution at 70 °C (X-
ray wavelength = 0.7745 Å) (the fluctuations in intensity of, for example, the Al2Cu peak at 






Figure 3 Quantified sequential evolution of Al2Cu and AlCu in Al65Cu35. (a) Ex-situ 
SXRD patterns of Al65Cu35 alloy powders after dealloying in a 10 vol.% HCl solution from 
10 min to 40 min (X-ray wavelength = 0.6891 Å). (b) Rietveld refinement output of the 
Al65Cu35 precursor powder sample data using the TOPAS-Academic software. The black, 
red and grey solid lines indicate the observed and calculated patterns and their difference, 
respectively. The tick marks indicate the position of the Bragg reflection markers for Al2Cu 
(upper) and AlCu (lower). (c) An expanded region of the fit in (b) between 19.1°  2  19.9° 
showing the unidentified phase in the sample which can affect the fitting. (d) evolution of the 
Cu content, as a proportion of the total Cu available, in each of the Al2Cu, AlCu and Cu 
phases from refinement analysis of each pattern in (a). (e) The microstructure of the as-




dealloying of Al2Cu and the un-dealloyed AlCu with just a rough surface. (f) and (g) EDX 
spectra of the as-dealloyed AlCu and Al2Cu phases in (e), respectively. 
 
 
Figure 4 Sequential evolution of Al2Cu and AlCu in Al55Cu45. (a) In-situ phase evolution 
for the dealloying of the Al55Cu45 alloy, which consists of Al2Cu and AlCu, in a 5 wt.% HCl 
solution at 70 °C (X-ray wavelength = 0.7745 Å). (b) Ex-situ SXRD patterns of Al55Cu45 
alloy powders after dealloying in a 10 vol.% HCl solution from 10 min to 60 min (X-ray 
wavelength = 0.6891 Å); (c) Evolution of the Cu content, as a proportion of the total Cu 






Figure 5 Schematic maps showing the unit cell evolution. The smaller red ball represents 
the Cu atom and the larger grey ball represents the Al atom. During dealloying of body-
centered tetragonal Al2Cu and base-centered monoclinic AlCu, once all Al atoms are 
removed, the residual Cu atoms may temporarily assume a precursor crystal structure and 












Figure 6 Formation kinetics of Cu phase. (a) The development of the peak area of the Cu 
(111) diffraction peak as a function of dealloying time from the in-situ dealloying of 
Al65Cu35 in Figure 2(b). (b) The plot of Avrami-Erofe’ev equation to determine the value of 
the n parameter for the formation of Cu from dealloying of Al65Cu35. (c) The development 
of the peak area of the Cu (111) diffraction peak as a function of dealloying time from the in-
situ dealloying of Al55Cu45 in Figure 4(a). (d) The plot of Avrami-Erofe’ev equation to 
determine the value of the n parameter for the formation of Cu from dealloying of Al55Cu45. 
The time of 840 s and 960 s for the observation of first Cu (111) peak in Figure 2(b) and 
Figure 4(a) is considered as the induction time t0 for the formation of Cu. The area of Cu (111) 
diffraction peak was normalized considering the area in the final pattern of the in-situ dataset 
as one. The Cu (111) peak area fluctuations in both cases (Figure 6(a,c)) are due to the 
rocking the sample stage  2° about its axis during the in-situ experiments. The two n values 
for both cases (Figure 6(b,d)) indicates two kinetics during the formation of Cu from 






Figure 7 Consequences of diffusion of Cu. (a) Bright field (BF) TEM image of Al65Cu35-
40 min sample with twins in the ligaments. (b) Corresponding HRTEM image showing twins 
in Cu ligaments. (c) Rietveld refinement output of Al65Cu35-40 min sample considering the 
isotropic broadening of Cu peaks and (d) anisotropic broadening of Cu (002) peak. The better 
fitting of (d) clarifies the anisotropic broadening in Cu diffraction peaks as a result of the 
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Table 1 Rwp – weight profile R value, lattice parameter a of as-created Cu phase, the weight 
percentage of each phase before and after dealloying of Al65Cu35 alloy, obtained from 
Rietveld refinement. 




       




      




    
                    
 
Al65Cu35 4.897 NA 84.7 81.1% 16 18.9% 0 0 
10 min 4.043 NA 87.7 84.6% 13 15.3% 0 0 
20 min 5.968 3.618 67.8 57.5% 21 18.8% 15.0 23.7% 
40 min 4.868 3.617 35.7 24.5% 21 15.0% 47.5 60.5% 
 
 
Table 2 Rwp – weight profile R value, lattice parameter a of as-created Cu phase, the weight 
percentage of each phase before and after dealloying of Al55Cu45 alloy, obtained from 
Rietveld refinement. 




       




      




    




8.236 NA 31.4 26.3% 67.7 73.6% 0 0 
10 min 9.345 3.621 19.1 15.2% 77.7 80.0% 3.1 4.5% 
20 min 8.390 3.617 13.7 10.3% 71.9 69.8% 14.4 19.9% 
30 min 8.212 3.617 7.6 5.3% 65.1 59.3% 27.2 35.3% 
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Supplementary Methods 1: 
In-situ Synchrotron X-Ray Diffraction (SXRD) dealloying experiments  
For the in-situ experiments, we used a special cell. The design of the cell was based on a 
previous cell described by Webster et al.
1
 and the details of the cell have been described in 
Clancy et al.
2
 The Al65Cu35 and Al55Cu45 alloy ingot sample were cut to 5 mm thick disks, 
then centered in a 25 mm-diameter mold and mounted in epoxy resin. Once cured, the surface 
of the mounted samples was ground and polished until the thickness of the mounted disk was 
in the 4.9-5.0 mm range. The mounted samples were then placed in the cavity located on the 
top of the cell body (see Fig. 2a). 
 
In-situ SXRD experiments were performed on the powder diffraction beamline at the 
Australian Synchrotron, equipped with a Mythen microstrip detector spanning 80° 2. The 
500 ml of the 5 wt.% HCl electrolyte solution was heated to 70 °C and stirred within a 
covered 3 L stainless-steel reservoir using a digital hotplate and a magnetic stirrer. The cell 
was connected to the XYZ stage of the diffractometer and aligned to the X-ray beam. A 
Polyvinyl chloride (PVC) spill tray was bolted to the top of the end-station table. The solution 
was re-circulated from the reservoir, through the cell and then back to the reservoir through 
Viton® tubing using a peristaltic pump. The temperature of the electrolyte entering the cell 





XRD data were collected throughout each dealloying experiment with individual data sets 
collected at every 1 min at each of two detector positions P1 and P2 (the Mythen detector
3
 
contains 0.2° gaps every 5° 2; data were collected at two detector positions 0.5° apart in 
order to cover the entire 2 range). The data were collected in asymmetric diffraction 
geometry with the cell rocking, over the range 4°284°. The X-ray wavelength                                                                                                                                                                                             
was 0.7745 Å, which was calibrated using NIST Standard Reference Material LaB6 660b 
collected in a capillary in Debye-Scherrer geometry. The height of the plate sample was 







Supplementary Figure 1 (a) Rietveld plot of the Al65Cu35-10 min sample and (b) the peak 






Supplementary Figure 2 (a) Rietveld plot of the Al65Cu35-20 min sample and (b) evidence 






Supplementary Figure 3 Rietveld plot of the Al65Cu35-40 min sample. 
 
 
Supplementary Figure 4 (a) Rietveld plot of the Al55Cu45-0 min sample and (b) expanded 





Supplementary Figure 5 (a) Rietveld plot of the Al55Cu45-10 min sample and (b) expanded 





Supplementary Figure 6 (a) Rietveld plot of the Al55Cu45-20 min sample, (b) expanded 












Supplementary Figure 7 (a) Rietveld plot of the Al55Cu45-30 min sample, (b) expanded 






Supplementary Figure 8 (a) Rietveld plot of the Al55Cu45-60 min sample, (b) expanded 
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6.2 In-situ and ex-situ synchrotron studies on the dealloying of Al-Cu and 
Al-Cu-Sn alloys 
6.2.1 Introduction 
During the dealloying of Ag-Au, the face centred cubic (fcc) Ag-Au solid-solution changes to 
fcc Au without changing the crystal structure. Dealloying occurs via a simple change in 
composition in this case. In many dealloyable systems, it is common that the precursor alloy 
consists of phases with different crystal structures. Hence, it is necessary to kinetically clarify 
the significance of crystal structure evolution during the creation of nanoporous metals via 
the dealloying approach.  
 
Taking the Al-Cu alloy system as an example: the Al-Cu precursor alloys can consist of 
different phases with various crystal structures as well as different compositions (see the 
phase diagram in Fig. 2.26, and the composition and crystallographic data in Table 6.2.1). 
The Al-Cu alloy system thus offers an informative model system to study the significance of 
crystal structure evolution for the dealloying process. 
Table 6.2.1 Composition and crystallographic data of Al-Cu phases [1]. 
Phase at.% Cu Crystal system structure Space group 
-Al(Cu) 0-2.84 Cubic Fm-3m 
Al2Cu 31.9-33.0 Tetragonal I4/mcm 
AlCu 49.8-52.3 Monoclinic I12/m1 
Cu4Al3 55.2-56.3 Hexagonal P6/mmm 
Cu3Al2 59.3-61.9 Trigonal P-3m1 
Cu9Al4 62.5-69.0 Cubic P-43m 
-Cu(Al) 80.3-100 Cubic Fm-3m 
 
For the Al-Cu-Sn alloy system: in the Cu-Sn system, the intermetallic formation is 
temperature-sensitive: below 60 °C only Cu6Sn5 forms while at or above 60 °C both Cu6Sn5 
and Cu3Sn can develop [2]. The concurrent dealloying and realloying process observed in this 
alloy system (see Chapter 4) is also supposed to be temperature dependent. Hence, it is 
useful to use temperature as a variant to either better understand the dealloying-realloying 
mechanism or to better manipulate the fabrication of nanoporous Cu-Sn composites. In 
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particular, when the dealloyed nanoporous Cu-Sn composites are used as anode materials in 
LIBs, the non-active Cu content can decrease the specific capacities. In this regard, it is 
important to form pure Cu6Sn5 or Cu3Sn or their mixture in the final nanoporous 
microstructure than the pure Cu phase. Ex-situ and in-situ synchrotron radiation can help 
clarify and further understand the various stages of the dealloying process. 
 
6.2.2. Experimental procedure  
The in-situ and ex-situ synchrotron experimental procedures are the same as that described in 
Section 6.1.  
 
6.2.3. Results 
6.2.3.1 In-situ and ex-situ synchrotron study of the dealloying process of Al-Cu alloy 
systems 
(1) Dealloying of the Al75Cu25 (-Al(Cu) + Al2Cu) 
Fig. 6.2.1 presents the time evolution of in-situ Synchrotron XRD patterns for phase 
evolution during dealloying of the Al75Cu25 alloy, which consists of -Al(Cu) and Al2Cu, in a 
5 wt.% HCl solution at 70 °C. The following observations are notable: 
 
(i) For -Al(Cu): There was a progressive decrease in the intensity of the Synchrotron XRD 
peaks for the -Al(Cu) until the -Al(Cu) disappeared after the first 40 min dealloying, while 
most of the diffraction peaks for Al2Cu were still there, indicating sequential dealloying 
responses of -Al(Cu) and Al2Cu.  
(ii) For Cu phase: As dealloying proceeded, small peaks corresponding to the Cu phase began 
to emerge after almost 6 min dealloying and they progressively intensify over time. The 
diffraction peaks for the Cu phase are broad, indicative of the formation of nanoporous Cu 
phase in small crystallites. 
(iii) For Al2Cu phase: There was a noticeable decrease in the intensity of the diffraction peaks 
for Al2Cu, due to its dealloying of Al2Cu into Cu. By the end of the in-situ dealloying 
experiment conducted, some Al2Cu phase still remained due to incomplete dealloying. There 
were fluctuations in peak intensity for certain peaks of Al2Cu. This is due to the orientation 
effect in the as-cast alloy plate sample. Another reason is that the penetration depth of 
synchrotron X-ray is larger than the penetration of the HCl solution. 
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 Fig. 6.2.1 In-situ phase evolution during the dealloying of the Al75Cu25 alloy, which consists 
of -Al(Cu) and Al2Cu, in a 5 wt.% HCl solution at 70 °C (the unlabelled peaks all 
correspond to the Al2Cu phase). 
(2) Dealloying of the Al45Cu55 (AlCu + Al4Cu9) 
It has been suggested that the composition of Al50Cu50 (at.%) represents the parting limit [3] 
for the Al-Cu alloy system to undergo dealloying. For the dealloying of Al-Cu alloys, 
containing more than 50 at.%Cu, the only two studies reported to date appear to be those by 
Wang et al. [4] and Kong et al [5]. However, both studies were based on the results from 
conventional XRD [4, 5]. Since the PDF information for Al-Cu based intermetallic 
compounds is very similar (see Fig. 2.29), more detailed and accurate investigations are 
necessary for a robust conclusion. 
Fig. 6.2.2 shows the Synchrotron XRD spectra obtained from in-situ dealloying of the 
Al45Cu55 alloy, which consists of AlCu and Al4Cu9, in a 5 wt.% HCl solution at 70 °C. It can 
be observed that: 
 Both AlCu and Al4Cu9 are dealloyable leading to the formation of Cu diffraction peaks. 
As a result, it can be concluded Al50Cu50 (at.%) is not the parting limit for Al-Cu alloy 
system. 
 The intensity of some of the diffraction peaks for both phases decreased from the 
beginning of dealloying without preferential dissolution of each phase. During dealloying 
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of Al4Cu9, which contains more Cu than the reported parting limit composition of 
Al50Cu50 (at.%) [3], the cubic Al4Cu9 changes into cubic Cu [1]. Apart from alloy 
composition, the crystal structure evolution may play another significant role in dictating 
if one phase is dealloyable or not.   
 The variation of diffraction peaks for both AlCu and Al4Cu9 (i.e. some peaks decrease 
noticeably in intensity while other peaks remain their intensity) confirms that different 
crystal facets have different dealloying rates. 
 
Fig. 6.2.2 In-situ phase evolution for the dealloying of the Al45Cu55 alloy, which consists 
of AlCu and Al4Cu9, in a 5 wt.% HCl solution at 70 °C. 
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6.2.3.2 In-situ and ex-situ synchrotron study of the dealloying process of the 
Al67Cu18Sn15 precursor alloys 
It has been reported that the intermetallic formation in the Cu-Sn system is temperature-
sensitive: below 60 °C, only Cu6Sn5 forms while at or above 60 °C both Cu6Sn5 and Cu3Sn 
can develop [2]. In Chapter 4, it was shown that the lowest temperature for the formation of 
Cu3Sn is 60 °C. In this section, more studies, based on both in-situ and ex-situ synchrotron 
experiments on dealloying of Al67Cu18Sn15 precursor alloys at different temperatures, are 
performed to clarify this temperature sensitivity issue.  
(1) Dealloying of the Al67Cu18Sn15 at 55 °C 
Fig. 6.2.3 shows the phase evolution during the dealloying of Al67Cu18Sn15 at 55 °C. A 
decrease of intensity in diffraction peaks for Al, Al2Cu and Sn was observed with increasing 
dealloying time. Surprisingly, not only Cu6Sn5 but also Cu3Sn has formed. As a result, the 
lowest temperature for the formation of Cu3Sn in the Cu-Sn system now stands at 55 °C 
supported by solid experimental data thanks to in-situ synchrotron studies. 
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 Fig. 6.2.3 In-situ phase evolution during dealloying of the Al67Cu18Sn15 alloy in a 5 wt.% 
HCl solution at 55 °C (: a mixture of Cu6Sn5 and Cu3Sn). 
(2) Dealloying of the Al67Cu18Sn15 at 70 °C 
Fig. 6.2.4 shows the phase evolution during the dealloying of the Al67Cu18Sn15 at 70 °C. 
Similarly, a decrease of intensity in diffraction peaks for Al, Al2Cu and Sn was observed with 
increasing dealloying time. The final as-dealloyed product is a Cu6Sn5-Cu-Cu3Sn composite. 
This is consistent with the ex-situ results obtained from conventional XRD presented in 
Chapter 4, but differs from the as-dealloyed product of Cu6Sn5-Cu3Sn composite resulted 
from dealloying at 55 °C. More detailed analysis is needed to identify the fundamental 
mechanism that dictates intermetallic formation in the Cu-Sn system. 
137 
 Fig. 6.2.4 In-situ phase evolution during the dealloying of the Al67Cu18Sn15 alloy in a 5 wt.% 
HCl solution at 70 °C (*: a mixture of Cu6Sn5, Cu3Sn and Cu). 
(3) Dealloying of the Al67Cu18Sn15 at 90 °C 
Figs. 6.2.5 and 6.2.6 present the results obtained from dealloying of the Al67Cu18Sn15 alloy at 
90 °C. The ex-situ synchrotron spectra are of good quality for quantitative analysis. The final 
as-dealloyed product at 90 °C is Cu6Sn5-Cu3Sn with residual Al2Cu (Fig. 6.2.6(a)). During 
dealloying of the Al67Cu18Sn15 alloy at 90 °C, Cu6Sn5 formed first (Fig. 6.2.6(b)) and then 
Cu3Sn emerged with the progress of dealloying. Based on the Rietveld refinement analysis in 
Fig. 6.2.7(a-c), the composition evolution for each phase is shown in Fig. 6.2.7(d), 
corresponding to the dissolution of Al and Al2Cu (equations (1, 2) ) and the formation of 
Cu6Sn5 and Cu3Sn (equations (1, 2)). The Cu-Sn diffusion couple studies performed at 
temperatures above 100 °C have identified another reaction, described by reaction (5) below 
[2, 6, 7], for the formation and the continuing growth of Cu3Sn in Cu-Sn diffusion couples. 
This reaction remains unclear from the conventional XRD results in Chapter 4 and the in-
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situ synchrotron results above. After 30 min dealloying at 90 °C, there is no more Sn phase 
left, indicating that neither equation (3) nor (4) should continue. However, the content of 
Cu3Sn increased while that of Cu6Sn5 decreased (Fig. 6.2.7(d)). This quantitative analysis 
verifies the existence of mechanism (5) for the first time in the dealloying of Al67Cu18Sn15 
alloy at 90 °C. 
 
Fig. 6.2.5 Ex-situ phase evolution during the dealloying-realloying of the Al67Cu18Sn15 alloy 
in a 10 vol.% HCl at 90 °C. 
2-Al(Cu)(s) + 6HCl(l)  2Cu(s) + 2AlCl3(l) + 3H2(g)                                                         (1) 
Al2Cu(s) + 6HCl(l)  2AlCl3(l) + Cu(s) + 3H2(g)                                                                   (2) 
3Cu(s) + Sn(s)  Cu3Sn(s)                                                                                                      (3) 






Cu(s) Cu3Sn(s)                                                                                           (5)  
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 Fig. 6.2.6 (a-c) Examples of refinement analysis of synchrotron spectra with phase 
compositions, and (d) the evolution of phase compositions with increasing dealloying time.  
6.2.4 Summary 
A number of new experimental findings have been derived from the ex-situ and in-situ 
synchrotron studies of various Al-Cu and Al-Cu-Sn alloys. They will form an important 
experimental basis for both understanding the dealloying process of these alloys and 
designing new alloys to achieve desired nanoporous Cu or Cu-based composite structures. 
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Chapter 7 Summary and future work 
7.1 Summary 
This thesis focused on two major issues on dealloying: (a) dealloyable precursor alloy 
systems and (b) dealloying mechanisms. The dealloyable alloy systems have been 
systematically extended from solid solution alloys to immiscible Al-Sn, ternary Al-Cu-Sn and 
two-phase Al-Cu alloy systems. A variety of products including porous Sn, porous Cu-Sn 
composites and porous Cu have been created as potential candidate materials for LIBs. In 
addition, with the effort of this thesis, the dealloying mechanisms for various precursor alloys 
studied have been clarified from the phase evolution perspective using advanced analytical 
means, especially ex-situ and in-situ synchrotron powder diffraction. The major conclusions 
are summarised as follows. 
 Porous structures can be produced in the non-noble Sn metal through dealloying of Al 
from a variety of immiscible Al-Sn alloys in hydrochloric acid (HCl) solutions. The 
as-dealloyed porous Sn structures showed an average pore size in the range of 1.58 ± 
0.26 µm to 4.09 ± 0.85 µm. The morphology and size of these pores are dependent on 
the morphology and size of the Al phase in respective precursor Al-Sn alloys. As a 
result, the resulting porous Sn structures can be manipulated through control of the 
composition and microstructure of the precursor alloy. The as-dealloyed porous Sn 
anode was assessed in a lithium ion battery and showed an outstanding initial capacity 
of 818 mAh g-1 and a coulombic efficiency in the range of 65-99%. However, the 
cycle life was limited due to the lack of sufficient ductility and strength. 
 A ternary Al67Cu18Sn15 (at.%) alloy has been designed and dealloyed in a 5 wt% 
hydrochloric acid solution at 70 °C. Unlike dealloying of binary alloys, dealloying of 
the ternary Al67Cu18Sn15 alloy was accompanied by a realloying process. Together 
they have enabled the fabrication of a nanoporous Cu3Sn-Cu-Cu6Sn5 composite with 
an average ligament width of 170 ± 50 nm. The formation of Cu3Sn and Cu6Sn5 
intermetallics and the reaction between Cu6Sn5 and Cu during dealloying at 70 ± 2 °C 
are discussed in detail in relation to the experimental findings obtained from the Cu-
Sn diffusion couple studies. This finding further proves the temperature sensitivity of 
phase formation in the Cu-Sn system established from Cu-Sn diffusion couple studies. 




nanoporous composite materials including the formation of new phases through the 
accompanied realloying process. 
 An annealing-electrochemical dealloying approach has been proposed for the creation 
of bimodal porous Cu materials and the approach has proved to be efficient and 
flexible in producing hierarchical porous Cu consisting of micro- and nano-sized (50-
200 nm) porous structures from an as-cast Al75Cu25 (at.%) precursor alloy. The 
critical roles of annealing the as-cast Al75Cu25 precursor alloy in the proposed 
approach include (i) it decouples the lamellar eutectic structure and substantially 
increases the -Al(Cu) phase size; both developments are essential for the production 
of the desired large porous structure; (ii) it reduces the solubility of Cu in the -Al(Cu) 
phase and makes the subsequent dealloying of the -Al(Cu) phase easier; and (iii) it 
decreases the critical potential (Ecrit) value of the as-annealed Al75Cu25 precursor alloy 
and allows flexible selection of the applied potential for electrochemical dealloying, 
which is important for the creation of a homogenous hierarchical porous structure 
with fine ligaments (e.g. 52 nm).  
 The most homogeneous bimodal porous Cu with the average ligament width of 52 nm 
was produced by electrochemical dealloying of the annealed Al75Cu25 alloy at the 
applied potential of -0.5 V, which is above the Ecrit of the -Al (Cu) but below that of 
the Al2Cu phase. The complete dealloying of the Al2Cu phase in the Al75Cu25 alloy is 
attributed to the beneficial effect of the dissolution of the Al atoms from the -Al(Cu) 
phase, which offers penetration pathways for the electrolyte to interact with the Al 
atoms in the neighbouring Al2Cu phase and therefore promotes dealloying of the 
Al2Cu phase even at a low applied potential.  
 The electrochemical dealloying of the ternary Al67Cu18Sn15 alloy, which consisted of 
three phases of -Al(Cu), Al2Cu and Sn, was investigated. The presence of the Sn 
phase suppressed the dealloying of Al-based phases at the potential of -0.5 V, which 
is above the Ecrit of the -Al(Cu) but below that of the Al2Cu phase. This was 
different from the complete dealloying of Al2Cu observed in the dealloying of the 
binary Al75Cu25 at -0.5 V for the production of nanoporous Cu. At -0.2 V, two types 
of nanoporous structure resulted from the dealloying of Al2Cu and -Al, respectively, 
in the ternary Al67Cu18Sn15. In addition, there was formation of scallop-type Cu6Sn5 
on the as-dealloyed products at -0.2 V, indicative of the occurrence of realloying 




 Synchrotron radiation experiments were designed and Rietveld refinement analysis 
was used to understand the dealloying process of the as-cast Al65Cu35 alloy consisting 
of Al2Cu and AlCu. Dealloying of Al2Cu and AlCu occurred in a clear sequence due 
to crystallographic reason and this resulted in a hierarchical nanoporous Cu. Aside 
from this, it was identified that during the phase transformation from the Al2Cu 
intermetallic phase to nanoporous Cu, -Cu(Al) solid solution forms as an 
intermediate phase as a result of the high solubility of Al in the Cu lattice. With the 
progress of dealloying, the resolved Al atoms were removed gradually from -Cu(Al). 
These results suggest that unless fully dealloying is realized, it is necessary to 
evaluate the possible impact of the residual Al on it e.g. the performance of 
nanoporous Cu used as the current collector materials for LIBs. 
 The critical roles of crystal structure evolution during the dealloying of Al-Cu 
precursor alloys were discussed based on the results obtained from both ex-situ and 
in-situ dealloying experiments under synchrotron radiation. It was proposed that 
crystal structure evolution could alter the expected sequential dealloying behaviours 
of different intermetallic compounds. For instance, Al2Cu and AlCu were expected to 
be dealloyed simultaneously due to their very similar corrosion potentials. However, 
they were dealloyed in clear sequence (Al2Cu was dealloyed first). The reason can be 
attributed to different crystal structure evolution processes (i.e. easier from tetragonal 
Al2Cu to cubic Cu than from monoclinic AlCu to cubic Cu). Apart from alloy 
composition, the crystal structure evolution may have played a significant role in 
dictating which phase is dealloyable. Al4Cu9 contains more Cu than the reported 
parting limit for Al-Cu alloys (Al50Cu50 (at.%)). However, it was dealloyed into Cu. 
The underlying reason could be that cubic Al4Cu9 can easily evolve into cubic Cu.  
 The temperature sensitivity of intermetallic formation in the Cu-Sn system was 
confirmed by synchrotron studies of the Al67Cu18Sn15 alloy subjected to dealloying at 
different temperatures (55 °C, 70 °C and 90 °C). The lowest temperature at which 
Cu3Sn forms in the Cu-Sn system is now lowered to 55 °C. In addition, it has been 
confirmed that Cu3Sn forms by the consumption of Cu6Sn5 and Cu.  
 
The new experimental findings are expected to enrich the knowledge base in dealloying 
and provide an improved fundamental basis for the design and creation of advanced 




7.2 Future work 
7.2.1 From the application perspective of as-dealloyed nanoporous metallic materials 
Sn-based and Cu-based porous materials have been created in this research which meets the 
requirements for applications in LIBs. Only a preliminary assessment of porous Sn in LIBs 
has been performed. Nanoporous Cu is expected to be far more outperforming than 
microporous Sn. However, its performance has not been assessed as yet, where the lack of 
sufficient mechanical integrity has been a critical issue to the as-dealloyed nanoporous Cu 
materials.  
 
The low mechanical integrity of the nanoporous Cu materials developed arises from: (i) the 
mechanical defects (microcracks, voids, shrinkages) which exist in the precursor alloy foils 
prior to dealloying; (ii) the existence of undesired intermetallic phases (which are brittle in 
nature) in the precursor alloy, and (iii) the inappropriate selection of dealloying electrolytes 
or processes which lead to uncontrollable dissolution and diffusion in the precursor alloys 
and therefore resulted in inhomogeneous nanoporous structures. These challenges might be 
addressed through utilizing a novel metal foils production technology (as discussed below) 
and through incorporating innovative fundamental developments to the dealloying practice 
made so far.  
 
The metal foils production technology suitable for this purpose must meet the following 
requirements: 
 It is a rapid solidification process and can be used to produce Cu-based alloy foils 
with an ultrafine homogeneous microstructure. The finer the microstructure of the 
precursor alloy, the more homogeneous the resultant nanoporous structure will be. 
Accordingly, a precursor alloy with an ultrafine or even a nanometric microstructure 
is always preferred.  
 It can be used to produce Cu-based precursor alloy foils with different thicknesses and 
widths by varying the nozzle design and controlling melt flow and solidification rates. 
These characteristics can avoid the subsequent machining process such as cutting or 
polishing, which often introduces extra stress or contamination to the foil products. 
 It is easy to change the superheat of the alloy melt and the solidification rate to 




 It can realize large volume production for the production of the large scale of 
functional nanoporous Cu required in applications, e.g. up to several hundred meters 
per minute. 
 
Following the improvement of mechanical integrity of the precursor alloy and the as-
dealloyed products, systematic LIB studies of nanoporous Cu-Sn composites by tailoring 
experimental conditions is necessary. The exploration of the application of nanoporous Cu in 
heat and electrical transferring should be considered as well. 
 
7.2.2 From the perspective of further understanding the dealloying process  
In Chapter 6 of this thesis, a number of new experimental findings have been derived from 
the ex-situ and in-situ synchrotron studies of a variety of Al-Cu and Al-Cu-Sn alloys. Based 
on the preliminary analysis of those experimental findings, we made certain understandings, 
such as the critical role of crystal structure evolution in creating hierarchical porous structures, 
and in revisiting the parting limit of Al-Cu alloy system, and the identification of formation 
of Cu3Sn by the consumption of Cu6Sn5 and Cu. Our future studies will deal with: 
 
1) Further systematic analyses (e.g. Rietveld Refinement analysis of each dataset) will be 
made of the ex-situ/in-situ synchrotron powder diffraction data.  
2) Corresponding characterizations by other means, like SEM, TEM etc., of certain samples 
will be done to provide supplementary evidence for comprehensive understanding. In 
addition, the surface area measurements (such as BET and BJH) will be carried out as well, 
for robust results including surface area, porosity and pore distribution of the as-dealloyed 
porous materials. 
 
It can lead to a more systematic understanding of not only dealloying of the Al-Cu and Al-
Cu-Sn alloy systems, but also of other binary and/or ternary alloys. It can provide the 
improved fundamental basis for the design and creation of advanced metallic materials via 
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